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The differential proton elastic scattering cross sect ion 
of 32s was measured at four angles simultaneously in the 
proton energy range E = 2e8 to 5.5 MeV. p The measurements 
were carried out using semiconductor detectors which were 
placed at 89° • 123°, 139° and 165° with respect to the incident 
beam direction. 
Forty resonances,of which 28 have previously been 
reported,were observed in the cross section data and these 
were analysed by means of a phase shift method in order to 
extract level parameters for the corresponding comp?und nucleus 
levels. 
In addition the differential cross section for protons 
inelastically scattered to the 1st excited state of 32 s, was 
0 measured at 165 • Angular distributions were measured at most 
of the resonance energies and these were analysed in order to 
supplement the assignments made in the elastic scattering 
studies. 
Spins and parities were assigned for 21 of the levels 
observed, and parities and tentative spins were assigned for 
a further 16. Partial widths for elastic and inelastic scatter-
ing were derived and reduced widths were calculated. 
The level structure of 33 Cl is discussed and a comparison 
made with neighbouring isobaric nuclei. An attempt is also 
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1.1 Historical Background 
Charged particle scattering has long been known to provide 
a useful and relatively simple means of obtaining spectroscopic 
information about- the level structure of light nuclei. 
The elastic scattering of a-particles dates back to the 
classical work of Rutherford (Ru 06, Ru 11) and Geiger and 
Marsden (Ge 13). These early studies led directly to the 
hypothesis of a nuclear atom, Departure from the Rutherford 
scattering cross sections was first observed by Bieler (Bi 24) 
in a-scattering experiments on Aluminium and Magnesium. This 
anomalous behaviour suggested the use of scattering to obtain 
information about the struct~re of nuclei. 
With the advent of electrostatic accelerators in the 
early 1930's, experiments using protons became possible. 
Suggestions were made that protons could be used in the study 
of nuclear structure (Ha 3 8). Early experiments in which 
resonance scattering of protons was studied were those of 
Bender et al. (Be 48) and Fowler et al. (Fo 49L Since then 
a large number of experiments of this kind have been undertaken. 
The~pe of spectroscopic data which may be obtained from 
these studies are level parameters such as spins J, parities 1r, 







meters are of considerable interest since a detailed know-
ledge of the level structure of nuclei provides a basis for 
formulating nuclear models or testing the assumptions of 
existing models. 
1.2 Nuclear Models 
In recent years nuclear models have developed along 
two lines. These are the independent particle type of 
model and collective models respectively. 
The independent particle models have as their starting 
point the extreme single particle shell model (Ma 49 ,Ha 49). 
The basic assumption of this model is that each nucleon 
within a nucleus moves independe.ntly under the influence of 
an average potential produced by the field of the other 
nucleons. The most prominent feature of this average 
potential is the occurrence.of a strong spin orbit coupling 
term. In its simplest form .this model has had success in 
predicting "magic numbe~" effects, as well as many other 
nucl ~ar properties, notably, in describing the ground state 
configurations of odd A nuclei. However, it cannot success-
fully predict the properties of excited states of nuclei, nor 
does it predict values of magnetic and quadrupole moments which 
are consistent with experimental values. 
An extension to this model is the independent particle 
.. 
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model in which residual interactions between nucleons in 
unfilled shells are considered. In this model central force 
terms which favour L-S type coupling are considered in 
addition to the j-j coupling,resulting in an intermediate 
coupling scheme. As a result of this the wave function of 
a given nuclear state may have componentsof various configura-
tions. With a knowledge of this configuration mixing, it is 
possible to improve single .particle shell model predictions. 
If the mixing of configurations were taken to its 
extreme, the motions of all the particles in the nucleus would 
have to be taken into account. This forms the basis of the 
second type of model mentiq~ed above, namely the' collective model, 
The development of the collective model is attributed to 
Rainwater (Ra 50) and Bohr and Mottelson (Bo 53). The model 
assumes separation of the individual motion of nucleons outside 
the core and motion of the,core itself. The shape of the 
core is assumed to be deformed. This leads to modes of 
excitation which are classified as vibrational and rotational. 
The unified model of Nilsson (Ni 55) embodies aspects of 
both the shell model and the collective model. The nuclear 
wave functions are constructed by filling the lowest available 
state in a self consistent deformed potential. The single 
particle wave functions (Nilsson Orbitals) are obtained by 
solving the Schrodinger equation with an axially symmetric 







has had considerable success in predicting energy levels, 
magnet'ic and dipole moments and transition probabilities in 
many nuclei. (See for example Li 58 and Bh 62) 
The levels amenable to interpretation in terms of these 
nuclear models are those at low excitation energies in the 
nucleus. In a reaction such as elastic proton scattering, 
the levels excited are often at high energies and are thus 
not usually directly amenable to interpretation. However 
the determination of spectroscopic properties of low lying 
states such as energies, spins, parities and branching ratios 
often proceed via levels at higher excitation energies. An 
example is the determination of spins and parities of low lying 
levels by means of (p,yy) angular correlation measurements • 
A knowledge of the properties of levels at relatively high 
excitation energies may thus serve as an intermediate step in 
obtaining information regarding low lying states which are often 
of more interest in model applications • 
1.3 Analogue states 
Recently much attention has been focussed on proton 
elastic scattering since it provides the kind of information 
of interest in analogue state studies. Analogue states are 
assigned an isospin quantum number T. The isospin formalism 




can have similar states belonging to an isospin multiplet; 
the number of isobaric nuclei in which the level of given T 
occurs being equal to 2T + 1. These states are of great 
interest for a number of reasons. (See for example review 
articles by Morrison (Mo 67), Endt (En 67) and Temmer (Te 67)). 
Coulomb energy differences arising from the interchanging of 
protons and neptrons, may be calculated by accurately measuring 
the excitat.ion energies of analogue states. The coulomb 
energy differences in turn can give information about the 
charge distribution and charge radius of nuclei (Ja 66) and 
may also be of interest in theories relating to charge 
dependence of nuclear forces (He 66). 
A further important interest in analogue states is in 
their value as a spectroscopic•tool. In general they are 
high energy states which have structures very similar to those 
of low lying states in the isobaric nucleus. Their structures 
or configuratiom, in other words, are generally simpler than 
those of neighbouring states at the same high excitation. 
The existence of such simple states at high excitation energies 
is useful in the study of lower lying states to which they 
decay~-- ___ ~ -t 
In the case of a proton which is ascribed an isospin 
T = ~' being scattered from a nucleus with ground state sp:ln 
T ~ o, the excitation anddecay of an analogue state with 






This is shown schematically in fig. 1.1. These states, if 
observed, are intrinsically extremely sharp since their 
particle widths arise solely from isospin mixing. Observa-
tion of such states may therefore be useful in extracting 
information regarding the nature of this mixing. 
1.4 Choice of Nucleus 
The nucleus 3£s was chosen as a target in this project 
for a number of reasons~ From the point of view of obtaining 
detailed spectroscopic information this nucleus,which in the 
ground state constitutes a 28
112 
subshell 9 has the advantage 
of having a relatively low proton binding energy (Eb = 2.29 
MeV). This low binding energy results in relatively low 
energies of states excited in the 33Cl compound nucleus, 
which in turn allows spectroscopic information to be extracted 
in a re"latively simple way. In most other light nuclei, the 
proton binding energies are considerably higher <~ 7 MeV); 
levels excited in the compound nuclei are thus at high 
excitation energies and therefore relatively closely spaced. 
This often precludes simple analysis, such as a single level 
phase shift analysis which is applied in the present case • 
The fact that 32 8 is an even-even (zero ground state spin) 
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Figure 1.1. Schematic Diagram showing excitation of states 







extraction of level parameterso 
The 33Cl compound nucleus is of interest since it lies 
in a region in which there is a distinct lack of spectroscopic 
infQrmation. The level structure of 33Cl has recently been 
reviewed by Endt and van der Leun (En 67(a)).Fig. 1.2 shows 
the energy level diagram adapted from this review. 
Two bound states have been reported; the level at 
0.806 MeV with spin-parity 1/2+ and the level at 1.97 MeV. 
(Va 58; Su 59, Va 59). 
The low lying virtual states between 2.5 and 4.8 l1eV 
have been investigated by means of 32S(p,y)33cl angular 
distribut.ion and polarisation measurements and by 32 S(d,n) 33 Cl 
stripping reactions. Twelve levels have been reported in this1 
..,·; 
region of excitation. Spins and parities have been assigned 
to four of these: s/2+, 3/2-, 3/2- and 1/2- to the levels at 
2.85, 2.86, 4.13 and 4.53 MeV respectively. 
Levels in the 4.13 to 5.89 MeV region have been studied 
by means of proton scattering by Olness et al. (01 58). 
These authors report 14 levels to which they have assigned 
spins (12),parities (all) and partial widths • 
Recently two levels have been reported (Ha 65, Ha 66) 
at 5.55 and 7.75 MeV. These levels were excited by the beta 
decay of the isobar 33A. The level at 5.55 has been identified 
as the isobaric analogue of the ground state of 33A and is thus 
the lowest T = 3/2 state in 33 Cl. 
- 9 -
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Figure 1.2. Energy level diagram adapted from the review 





It is thus seen that there is virtually no information 
about the structure of the 3 3Cl nucleus above 5.9 MeV. There 
is also a lack of information about the structure in the 
intermediate 2 to·4 MeV region. 
There has been recent interest (We 68, Ta 66) in the 
appl"ication of the unifi_ed model in predicting level properties 
in nuclei with N. (number of neutrons) or Z (number of protons) 
equal to 17. It would be useful to have a more complete 
knowledge of 33 Cl (N = 16, Z = 17) in order to further test 
these predictions. 
A further motivation for the choice of nucleus was the 
interest in the T = 312 analogues of low lying states of 3 3A 
and 33 P. The analogue of the ground state of these nuclides 
is expected to be at an excitation energy of 5.55MeV in 33 Cl. 
However besides the direct interest in this state it is still 
important to have a detailed knowledge of the background T = 
1/2 states. 
Finally, the choice of nucleus was influenced by the 
available facilities at the Southern Universities Nuclear 
Institute. Protons up to 5.5 MeV were available thus setting 
an upper limit to the region of excitation which could be 
studied. The spread in the beam energy of about 1 keV 




1.5 Proton elastic scatterin& 
In order to study the energy levels of the nucleus 33 Cl 
by means of a proton scattering reaction, it is necessary in 
t·he first instance to measure the differential cross sect ion 
for elastic scattering of protons from 32 8 as a function of 
energy. The differential cross section in general has the 
following components: 
1) A slowly varying component due to Rutherford scattering 
which is a result of the charge carried by the proton and 
nucleus; 
2) a slowly varying component due to "hard sphere" or 
potential scattering;and 
3) a resonance component which is due to protons that enter 
the nucleus and excite it to a compound state. This state in 
turn decays by emitting a proton, leaving the nucleus in its 
initial state. Thus structure observed in the cross section 
data may be related to excited levels in the compound nucleus. 
The analysis of these resonances is facilitated by the 
presence of interference between the Rutherford and resonance 
components of the scattering cross section. This interference 
results in distinctive sh!9:pes' of the resonances observed at 
various laboratory angles for·various spins and parities of 
the corresponding compound nucleus levels. An example of 
this is shown in fig. 1.3, where it is seen that a spin-parity 
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Theoretical proton scattering cross sections 
in the region of resonances with J1T = 3 I 2-
and 3/2+ calculated at 89° and 165° 
.. 
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parity 312- results in a peak at both a9° and 165°. rhe 
relative peak cross sections at 165° also vary for different 
spins. It is thus often possible to determine tDe value 
of the orbital angular momentum t and in some cases the 
spin, merely by inspection of the resonance shapes at a 
number of angles. In the present experiment measurements 
were carried out at the four angles a9°, 123°, 139° and 
165°~ 
In order to derive spins and parities more rigorously 
and also to extract values of the energies and partial 
widths of the levels a phase-shift analysis was carried out. 
This method is well known (01 sa, La 51, Bl 52) and in 
practice. it amounts to generating a cross section versus 
energy curve using parameters obtained by inspection of the 
data, and then varying these parameters until the best fit 
of the curve to the data is obtained. 
In the present case, decisions as to the quality of 
the fits were made by visual inspection since computer 
facilities available were not adequate to carry out a least 
squares fitting. 
The total width r of''the 'level is a sum of partial 
widths r a ; where r a/ r is;':t:ne probability of the level 
decaying via the channel designated by a. This decay 
probability is a function of effects which are external to 
the nucleus such as the Coulomb barrier and also effects 





partial width is thus written as a product of a penetrabili-
ty factor• P1 which relates to the external effects 1 and the 
reduced widths,i.e. 
1.1 
The penetrability factors are calculated at the inter-
action radius of the nucleus involved and they are functions 
of the regular and irregular solutions of the Schrodinger 
equation for the interaction of a proton with a nuclear plus a 
Coulomb potential. They are.sensitive functions of energy 
and of orbital angular momentum t. 
The reduced widths are usually given units of the 
Wigner single particle limit (Te 52) y! : 
2 
e = p 
These quantities correspond to the spectroscopic 
1.2 
factors determined in stripping reactions. Since they are 
related to the nuclear configuration, they are often of 
importance in.testing the predictions of nuclear models. 
To conclude therefore, the work to be described in the 
remainder of this thesis may be summarised as follows: The 
sect ions which follow immediately deal with the experimental 
measurements of the differential cross sections for proton 





The results are then analysed so as to extract information 
about the excited states of the compound nucleus 33Cl. 
Special attention is given to obtain parameters such as 
level energies, reduced widths, spins and parities which 
'' 
are of interest to nuclear model theories. An attempt 
is also made to interpret the level structure of 33 Cl in 
terms of the unified model of Nilsson (Ni 55). Finally 
an investigation of the level structure of neighbouring 
isobaric nuclei is undertaken with a view to identifying 










The protons for this experiment were supplied by the 
5.5 MeV van de Graaff acceleratort at the Southern Universities 
Nuclear Institute. The proton beam on emerging from the 
electrostatic accelerator is deflected through 90° by a 
vertical plane analysing magnet. (see fig. 2.l(a)) The 
field of this magnet is set,so as to allow particles of the 
chosen energy to pass through the slits B. This magnetic 
field in turn is monitored by a nuclear magnetic resonance 
(N.M.R.) device. The current falling on the two plates of 
the exit slits of the magnet feeds a correction signal to 
the corona discharge device in the terminal of the accelerator. 
A finite energy spread is introduced due to the width of the 
entrance and exit slits of the analysing magnet and fluctua-
tions in the magnetic field. 
for 4 MeV protons. 
This energy spread was ~ 1 keV 
On emerging from the analysing magnet the beam enters 
a switching magnet where it is deflected into the required 
------------------------------------------------------------------·-----














Figure 2.1 (a) The beam collimation and deflection system 
of the S.U.N.I. Van· de Graaff accelerator 
(b) The scattering chamber used for proton 
scattering measurements showing relative 






flight tube where it is again collimated before entering 
the scattering chamber. 
2.1.2 §sattering Chamber 
The scattering chamber is shown diagramatically in 
fig • 2 .1 ( b ) • The first collimator C1 defines a parallel 
beam and the second collimator C2 of aperture larger than 
clt intercepts protons whi9~ ~~y have straggled from the 
beam. In this way it was hoped to eliminate protons 
c~ 
striking the target holder assembly',~ __ _': 
The four detectors were., mounted in stainless steel 
holders which were in turn mounted in aluminium supports • 
Collimators of diameter 3 mm. were placed 4 to 6 em in front 
of the detectors. 
Protons passing through the target were collected in a 
Faraday cup assembly after traversing a further one meter of 
flight tube. This extra length of flight tube was introduced 
to reduce the probability of backscattered protons from reach-
ing the detectors. The Faraday cup was insulated from the 







Partially depleted surface barrier detectors were used 
0 
to detect the scattered protons. Most of the runs were 
carried out using detectors which were constructed at the 
Southern Universities Nuclear Institute. In later runs Ortec 
detectors (type SBDJ025-300) were introduced. 
The locally constructed detectors were made usi~g a 
technique communicated by Dearnaley (De 63) and others. The 
procedure was briefly as follows: 
A silicon slice (supplied by Wacker-Chemie, Germany) 
was cleaned in concentrated HN0 3 • It was then etched in a 
solution made up of 1 part HCl, 3 parts HN0 3 and 1 part HF. 
The etching process resulted in one side of the slice being 
very smooth whilst the reverse side remained relatively rough. 
After etching the slice was wasr.ed repeatedly in dei.onised 
water. This was continued until water in which the slice 
had b~en swirled was found to have a resistivity ·> io 6 ncm. 
I • •. ·~ ~ ·• 
The si1ce wasthen allowed to dry in a normal atmospher~ for 
24 hours. 
Gold and aluminium electrodes were then vacuum 
evaporated .onto the smooth and reverse sides of the silicon 
slice respectively. A thin gold foil contact was glued to 
the gold electrode using a- p-type epoxy paste~ the other end 
of this contact was attached to a feedthrough connector in the 




base of the detector holder by means of an n-type epoxy 
paste. After drying in a 60°C oven for 1-2 hourst the 
detectors were ready for use, 
' 
These detectors had an active area of 28 mm2 and 
depletion depth of about 300 micronso 
2 MeV protons was 25 to 35 keV. 
2.1.4 Electronics 
The resolution for 
A block diagram of the electronics is shown in figure 
2.2. The detectors were connected to charge sensitive 
preamplifiers and the outputs from these amplifiers were fed 
to biased amplifiers 'ivhich were set to give output pulses in 
the range 0 to 8 voltsc Often the pulses were amplified 
considerably and a back bias was applied to improve the 
dispersion of the peaks in the pulse height spectrumo The 
outputs from the four biased amplifiers were analysed 
simultaneously using a 400 channel analyser. 
2.2 Data Collection 
Typical pulse height spectra recorded at 165° and 89° 
for proton energies Ep = 3.095 and 3.099 MeV are shown in 
fig. 2 0 3 0 The four major peaks are attributed to protons 
scattered from carbon, oxygen, sulphur and antimony 
... 21 ·~ 
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Figure 2.2. Block diagram of the electronics associated 
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Figure 2. 3. Pulse height spectra recorded for protons 
scattered from an Sb2 S3 target on carbon 
backing. Spectra were measured ate: 89° 
and 165° for protons of incident energy 




respectively. The small peak on the left of the sulphur 
peak is due to silicon contamination of the target. 
will be discussed in section 2.3.3. 
This 
The proton beam energy was varied in steps of 0.3 to 
2.5 keV. At each energy pulse height spectra were recorded 
for a fixed integrated proton flux for each of the four 
detectors. 
The time taken to record each set of spectra in the 
multichannel analyser was usually about 1 to 2 minutes. The 
method of recording the complete spectra had the advantage that 
background levels could be reliably estimated from the 
counting rate between elastic scattering peaks. This was 
particularly important at 89° and to a lesser extent at 123° 
where the background was higher and the sulphur peak was not 
separated from the silicon contaminant peak. An alternative 
procedure to recording the full pulse height spectrum would 
be to set a single channel analyser "gate" on the sulphur 
peak and count the pulses selected by this gate by means of a 
scaler. Although less time consuming this method would not 
be amenable to such a convenient means of background subtract-
ion. 
By suitable arrangement of electronics and pulse height 
amplification it proved possible to record the spectra from 
the four detectors simultaneously over a total of 200 channels 





analyser to 40 seconds • 
Before and after a series of runs over each energy 
region a short. run was carried out over the resonance at 
Ep = 3.099 MeV. This was to serve as an energy calibration 
point. (see section 3.2). During each series of runs a 
run was carried out in the energy region of 4.4 MeV. These 
runs were used as an efficiency monitor (see section 3.3). 
2.3 Targets 
The targets used in this work consisted of vacuum 
evaporated antimony sulphide (Sb2 S3 ) on thin carbon backingso 
Cadmuim sulphide was also considered as a target material but 
it was found that the preparation of targets was easier with 
Experiments showed that the two compounds were 
equally suitable as 3 2 s targets. Gas targets such as H2 S 
were also considered but were not actively pursued in view of 
the beam energy spread that would be introducedo 
2.3.1 Preparation 
Carbon backings were prepared in the following way: 
Glass microscope slides 2.5 em x 10 em x 2 mm were thoroughly 
cleaned. A thin layer of Teepol (soap solution) was spread 





then wiped with a soft dry cloth, until it appeared to be 
clean. This allowed a thin even layer of Teepol to remain 
on the slide. A number of slides prepared in this way were 
then placed facing carbon rods in a vacuum evaporator. The 
carbon arc was struck in short bursts of about 3 to 5 second 
duration. About 20 seconds was allowed between bursts to 
allow the vacuum to restore and to prevent overheating. This 
was continued until a thin, light brown film of carbon was 
deposited on the glass slides. 
The carbon film was removed by floating it off in warm 
water, in sections of about 2.5 em square. The sections were 
then lifted out on aluminium holders with a 1 em diameter hole. 
An alternative method was also used in the preliminary 
experiments. In this method BaCl instead of Teepol was 
first evaporated onto the slides. The use of BaCl, which is 
very soluble in water makes the floating off procedure much 
easier. This method was later rejected however due to the 
possibility of Cl contamination. 
A carbon backing, after being allowed to dry for at 
least 3 hours, was placed in the vacuum evaporator facing a 
tungsten boat containing about 100 mg, of natural Sb2S3. The 
Sb2S3 was then evaporated onto the backings by heating the 
boat electrically under vacuum. The thickness of the Sb2S3 
layer could not be controlled-in a quantitative way and an 
approximate method of controlling the evaporation was thus 
- 26 -
usedo This consisted of observing the light transmission 
through a thin mica film placed alongside the target in the 
vacuum chamber. 
Thickness Measurements 
It was necessary to know the thickness of a number of 
the targets used in the experiment since this was required in 
the analysis of narrow levels (see section 4o3o2). An 
attempt was made to measure the target thickness by weighing 
but this proved unsatisfactory due to the small weight involved 
("' 50 ~g). The following method was therefore devised for 
measuring the thickness with reasonable accuracyo 
It was assumed that the observed width (full width at 
half maximum) of a narrow(~ 1 keV), symmetrical resonance 
in the proton scattering excitation curve is approximated by 
W : lr2 + T2 + (iE)i 
where r = true full width at half maximum (FWHM) of the 
resonance in the excitation functiono 
T = spread (FWHM) introduced by finite target thickness. 
6E = spread (FWHM) in incident beam energyo 
The excitation function was measured in the region of a 
narrow resonance using two targets of different thickness. 
In addition the yield was determined in an "off-resonEmce" 
.. 
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region for each targeto 
From eqo 2ol it follows that for the measurement on the 
resonance 
w~ = 
For the measurements 1.n the off--resonance region we may 
assume that the scattering yield Y is proportional to the 
target thickness T so that 
= 
y2 T2 
where the subscripts 1 and 2 refer to targets 1 and 2 
respectivelyc 
The target thickness T1 and T2 may thus be obtained by 
solving the equations 2o2, 2o3 and 2o4 for the three unknown 
quantities T 1 , T2 and (r 2 + (6£)2). Their solution gives 
2 
Tl- {(Wl 
and T2 = { <W~ 
w~ > 1 [ 1 
wf > 1 [ 1 
(Y IY )2] }1/2 
2 1 
Furthermore if the resonance width is known, the beam· energy 
spread may be determined ·from~ 
6E = [wi _ Tf _ r 2 J 112 
' ' . ' 
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Figure 2. 4·. Relative erro~ oT1 in target thickness T1 as 
~). function of T1. The solid curves were 
calculated for a second target thickness 
T:e'. = 1 keV, and the error in the yield 
measurement ~Y = 5%. The dashed curve is 




measurement such as this is shown as a function of target 
thickness T1 in fig. 2.4o The solid curve has been calculated 
assuming that target 2 has a thickness T2 = 1 keV, that the 
uncertainty in measurement of W is 0.2 keV and that the 
relative uncertainty in Y is 5%o The dashed curve is 
calculated assuming that Tz = 4 keV, the uncertainties in the 
other quantities remaining the same. Thus it is seen that 
by suitable choice of targets the thickness of any target may 
be measured with tolerable accuracyo 
The following is an example of such a target'thickness 
measurement: The resonance numbered 5 in figo 3o2 (E = 3o099 p . 
MeV~ was observed to have a width 2 o 28 and 1 o06 keV and the 
off~resonance yield was 2980 and 699 counts for the two 
targets respectively. The targ~t thickn~RR~R in this case 
were 2.08 ± 0.39 keV and 0.49 ± Oel2 keV respectively, 
Si contamination 
A peak on the low energy side of the sulphur was often 
observed in the pulse height spectrao A typical example of 
this is shown in figo 2o5o Kinematic considerations showed 
that this peak was due to Mg, Al, Si or Po The peak was 
found to increase in intensity during long runs and since it 
was known that silicon oil was used in the diffusion pump 
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Figure 2.5. Pulse height spectrum for protons scattered 





the evaporating chamber used for target preparation,it 
appeared that this contamination was in fact due to Si. 
This was confirmed by measuring an excitation function in 
the 4,6 to 4.9 MeV region where a narrow resonance appears, 
previously observed by Belote et al. (Be.61) • 
The silicon-based oil in the two diffusion pumps 
mentioned was replaced by Apiezon (grade B) high vacuum oil 
which has a carbon base. This reduced .the build-up of 
silicon on targets during long runs but did not entirely 
eliminate it. 
For the detector at 165° the Si peak was completely 
separated in the energy region studied. The peaks were 
0 • .~ 
also resolved at 139 for proton energ~es greater than 
"'4 MeV. In the case of the other two detectors this was 
not possible. An estimate was made of the counts in the 
sulphur peak due to silicon and this was subtracted with 
the general background. This procedure probably ied to an 
0 . . 0 - --- -~ 
error in the relative cross sections at 90 and 123 of !about 
15%. 
= 32 = 
CHAPTER 3 
REDUCTION OF CROSS SECTION DATA 
In this section the procedure followed in reducing 
the raw data to cross sections is described. The yield 
of protons scattered from sulphur into the detectors at the 
four angles is obtained at each energyc These data are 
then reduced to a relative cross section scaleo Finally 
the relative scale is normalised!. in the region of pure 
Rutherford scattering, to the calculated Rutherford cross 
sect ionso 
3 .1 Backgrgund su_£t_~act io.rr 
In the pulse height spectra recorded it was found that 
the backgrounds observed in the region of the sulphur peak 
va.ried from a negligible ~1% for spectra record= 
ed at 165° using suitable targetst to approximately 10% for 
some spectra at 89°o The spectra were also complicated by 
the silicon contamination peaks which were not resolved at 
89° and 123°o (see section 2c3e3L The assumption was made 
that the background varied uniformly over the region of the 
sulphur peakc A straight line was drawn through the wings 
of the peak and the counts above this 'l.vere summed e It is 
estimated that the probable error introduced in this way was 
~ 33 = 
about 3 to 8% for 89°, 123° and 139° yieldsbut negligible;> 
relative to the statistical error of countinrt>at 165°. 
3 e 2 Qalie£S,t_ion of proton energy scale 
-The energy of the~proton beam is selected by means of 
an analysing· magnet as described in section 2.lo The field 
of the magnet is monitored by means of a nuclear magnetic 
resonance device~ and the resonance frequency v is related 
to the ~roton energy by 
E = Kv 2 p 
where K is a proportionality constant o 
Since K varied by about 0" 29o from one series of run:; to 
the next it was necessary to calibrate the energy for each 
series of runs o For this purpose a calibration point of 
known energy was neededo The calibration energy decided on 
for this work ~.Jas the well known 7 Li(p,n) 7 Be threshold o 
A thin Li target was prepared and placed at the end 
of the faraday cup assembly (figo 2ol(a))o The neutron 
threshold was measured in terms of the frequency v and since 
the threshold energy is known to be 1 o 8 806 MeV (Ma 6 3) the 
constant K was determined o The Sb2 S3 target was now replaced 
and the excitation function over a narrow (<1 keV) resonance 
Using the constant K just 
... 
• .j 
.= 34 = 
determined, the energy of this resonance was found to be 
3a099 ± OoOOQS MeVo This energy was then used as a second~ 
.. 
ary standard for theexperiment~ Each series of runs was 
preceded or followed by an excitation function measurement 
over the resonance and the frequency v on resonance was then 
used to determine the value of K for that series of runs, 
3,3 Relative cross sections 
, ::we n~Mid£W!. -... ............ 
The proton elastic scattering data w.ere collected over 
several series of runs carried out at different times using 
different targets and detector systemso Naturally the yield 
measured at a particular energy varied from one series of runs 
to another owing to variations in target thickness and detector 
geometryo To obtain a relative cross se~tion curve over the 
entire energy range a reliable quantitative method of combining 
runs was requiredc 
The method used was as follows: In each series of runs 
yield measurements were carried out in the 4c4 MeV regiono 
This region is lacking in structure and is thus independent 
of res9lutiorio The data obtained at the other energies were 
thus expressed relative to the yield in the 4.4 MeV region. 
This was done separately and independently for the data at 
each angleo 




energy region 2c8 to 3o4 MeV, measurements were not carried 
out in the 4 o 4 MeV region. In these cases the procedure 
followed was to simply overlap the various runs in regions 
where there was no structure in the yield curve. This was 
again done independently at the four anglesc A separate 
measurf')ment was later made of the yield at 3 MeV relative to 
that at 4 o 4 MeV thus relating the yield data . in the 2, 8 to 
3o4 MeV region to the relative cross section scale at 4,4 
MeV. 
The data were thus reduced to four sets of relative 
cross section data, one set at each angle" To reduce these 
data to a common cross section scale one detector was used 
to measure the yield at each of the angles in turn" The 
proton energy for this measurement was 4o4 MeV, The yields 
were corrected in the usual way for background and a centre 
of mass solid angle correction was included" As a check on 
possible geometric errors in the measurements, the angular 
distribution of 1 MeV a-particles elastically scattered 
from gold was measured, This wa.s found to ·obey the Rutherford 
scattering angular distribution expected,thus confirming the 
absence of any systematic geometric errors in the relative 






3o4 Calibration of the cross section scale 
The relative cross section scale in terms of 
which all the data were now expressed, was cal ibra.ted as 
follows: 
The yield of scattered protons at 165° was measured 
using identical target and detector geometry in the proton 
energy region 0.9 to 1.4 MeV and then in the 4.4 MeV region. 
The yields in the Rutherford region (0.9 to 1.4 MeV) were 
thus expressed on the same relative cross section scale as 
the rest of the data. This relative cross section scale 
was then normalised to the Rutherford cross sections calculated 
in the Oc9 to 1.4 MeV regiono It would have been interesting 
to normalise each set of data at the other angles in the same 
way. However this was not.possible since in the Rutherford 
region the detector resolution was not sufficient to separate 
the peaks attributed to protons scattered from S and Sb, in 
the pulse height spectrum • 
Corrections had to be applied to the yield measured in 
the 1 MeV region due to the fact that the protons scattered 
from the Si contaminant in the target could not be separated 
from those scattered from sulphur. The correction was deter-
mined in the following way: (The regions of Rutherford 
. 
scattering and Ep = 4.4 MeV will be referred to as the ER and 
the EN regions respectively in this discussion). In the EN 







yield of protons scattered from Si in this region could thus 
be obtainedo The differential cross section of 2 8 Si 
(Natural isotopic abundance. 92.3%) at this energy and angle, 
da 8i (EN, e) was measured by Belote, Kashy and Risser. (Be 61) ,. 
From this value and the calculated silicon Rutherford cross 
sections, da 8i(ER,e), we determine the yield of silicon 
scattered protons in the ER region (Y8i(ER,e) from: 
= 
The error in the absolute value of da 8i<EN,e) is 
estimated by Belote et al. to be ±10%. The error in 
Y8i (EN,e) is estimated to .be not more than 15%. 
Y8iCER,e) is thus ~18% • 
The error in 
The yreld of protons scattered from sulphur at ER could 
now be determined by subtracting the contribution'from Si and 
the backgroundo In the targets chosen for these measurements 
the Si contribution was found to be about 10% of the total 
yield in the sulphur peak. The error in the sulphur yield 
due to the error in Si contribution was thus only about ~2%o 
Another correction that had to be considered was due to 
the fact that·the targets used consisted of natural Sb 2 S3 o 
The natural isotopic abundance of 3 2 8 is 95.0%c The 
contributions in the ER region due to 33s and 3 4 s were sub-
tracted from the suplhur yield. The contribution from these 




scattering onlyc The yield relative to the 328 yield was 
thus negligible(~ 1%). In fact this assumption is probably 
not valid owing to structure in 33 8 and 34 8 yields and is 
likely to lead·to errors in the off-resonance cross sections of 
< sa '\, '6o 
To check the validity of the assumption that in the 
0.9 to 1.4 MeV region we have pure Rutherford scattering, 
the corrected yield of protons·scattered from 3 2 8 was plotted 
against l/E2 • This plot is shown in figure 3elo For 
pure Rutherford scattering one expects the points to be on 
a straight line through the origine This is seen to be the 
case • The standard deviation from the straight line is ~ 2%c 
3.5 The cross section data 
The differential proton elastic scattering cross section 
data are shown as a function of energy in fig. 3 .• 2. 
Open and solid circles are used to represent different series 
of runs e Most energy regions were covered at least twice. 
The solid curves show theoretical fits to the data. These will 
be discussed in chapter 6. The lower set of data are due to 
inelastically scattered protons and these will be discussed in 
sect ion 5 o 1 c 
The various sources of error introduced in arriving at 












Figure 3 .1. 
- 39 -
0·4 0·6 0·8 1·0 1·2 
(E)-2 (MeV)- 2 
Relative cross section in the 0.9 to 1.2 
f1eV region plotted as a function of l/E2 • 
Straight line indicates Rutherford 
scattering 
.. 
~ 40 = 
discussed in the previous sections. 
the error in the final results< 
It remains to estimate 
Relative cross sections of adjoining data are believed 
to be in error by not more than 5% to 10%, Together with 
the uncertainty of normalisation this results in an uncertain-
ty in the absolute cross section values of not more than 7% at 
16 5°, 10% at 13 go, 15% at 123 ° and 20% at 8 go. The larger 
error in the latter case is due to the larger background and 
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Ep (W/) 
Figure 3.2 (a) Differential proton elastic scattering 
cross sections in the energy range 
E = 2.80 to 3.26 MeV. p 
Open and solid circles represent data 
obtained in different series of runs. 
Solid curves are theoretical fits to the 
data (see sections 4.3 and 6.1) calculated 
using the parameters in table 6.1. 
~: The data shown in this figure are collected together 
with the data of figs. 3.2.(b) to 3.2.(f) in a 
foldout on inside of back cover. 
? 
Figure 3, 2 (b) 
- '+2 -
Ep (M!V) 
Differential proton elastic scattering cross 
sections in the energy range E = 3.25 to 
p 
3.70 MeV. 





















. . .. .. 






Differential proton elastic scattering 
cross sections in the energy range 
Ep = 3.69 to 4.15 MeV 

















Figure 3. 2 (d) 
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Differential proton elastic scatt~ring 
cross sections in the energy range 
Ep = 4.14 to 4.60 MeV 




















Differential proton elastic scattering 
cross sections in the energy range 
E = 4.59 to 5.05 MeV p 
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Figure 3.2 (f) Differential proton elastic scattering 
cross sections in the energy range 
Ep = 5.01 to 5.46 MeV 





ANALYSIS OF THE ELASTIC SCATTERING DATA 
The measured cross section data shows a considerable 
amount of resonance structure • In the compound nucleus 
theory these resonances are associated with energy levels 
of the compound nucleuse An analysis of the data is under-
taken in order to extract spectroscopic information from the 
observed resonances regarding the energy levels of the 33cl 
nucleusc The analysis is carried out by calculating the 
differential proton elastic scattering cross section as a 
function of energy using various parameters such as energies, 
spins, parities and widthso The calculated cross sections 
are compared with the observed data and the parameters are 
adjusted in order to obtain a good visual fit of the calculated 
cr~ss section to the datao 
• 
The theory of elastic scattering,leading to a cross 
section equation,is presented in the next sectione The 
calculation of this cross section and the method of analysis 
are then discussedo 
4ol Theory of elastic scattering 
The differential cross section for a particle scattered 




where f(e) is the scattering amplitude. If the reaction 
cross section is negligible then f(e) can be expressed as 
follows: 




(cos e) 4.2 
i 
where x is the particle wavelength, 6
1 
is the phase shift for 
the partial wave representing particles of orbital angular 
momentum 1 and Pt(cos e) is the Legendre polynomial. In 
t.he case of scattering of a zero-spin charged particle 
incident on a zero-spin nucleus, the Coulomb as well as the 
nuclear potential must be taken into account. The scattering 





fN<e> = AJ L (21 + 1) sin 61 exp [i<o 1+a.t)] P1 (cose) t=o 
4.5 
where ,_!}J = zz'e
2 
ze and z'e are .the charges of target , 
hv 
nucleus and protons respectively and v is fuejrrelative velocity. 
a
1 




= arctan (n/s) for R. > o 
= 0 
In the present experiment protons (spin-i) are scattered 
from a zero-spin nucleus. The modifications to eq. 4-.3 
required for spin=i particles have been derived by 
Critchfield and Dodder (Cr 4-9) and are given in convenient 
form by Laubenstein and Laubenstein (La 51). The partial 
wave which represents particles with orbital angular 
momentum R. is separated into two components corresponding 
to the two possible orientations of spin with respect to 
orbital angular momentum. The phase shift for the component 
of the .tth partial wave with channel spin j = .t+i is denoted 
+ by o1 , and the phase shift of the component which forms the 
compound state with j = .t-! is given by o~ • 
4-.1, 4-.3, 4-.4 and 4-o5 thus reduce to (La 51): 
Equations 
do(e) = 'r2 [ lA + Bl 2 + jcj 2 ] dn · .. · 4-.6 
where 
(eq • 4- • 4-) 
00 00 




+)] sin o ~ P 
1 
(cos e ) + L R. exp [ i (a 
1 
+ o ~)] 
.t=o .t=l 
x sin o t- P t (cos e ) 4.7 
- 50 -
00 
ei6.t . 6+ and C = sin e 2 exp [i a.t(sin 6- sin 6+ e l. !e ~ 
R.=l 
R. t 
xiP' <cos e ) 4.8 
, __ Q.~ ~~,~~ ~--' 
where P' (cos a> = dP & (cos a> 
R,. 
d(cos a> 
In eq. ~.6 1 A represents the Coulomb (Rutherford) scattering 
amplitude and B and C rep~esent the coherent and incoherent 
nuclear scattering amplitudes respectively. The "incoherent 
term'~, ~, is introduced in order to account for the reversal of 
the intrinsic spin along the Z-axis due to the fact that the 
beam is unpolarized~ 
~ + -
The phase shifts 6
1 
and 6~ may each be written as the 
sum of two components: 
where ~R. the slowly varying off-resonant contribution is 
usually taken to be that for a -charged hard sphere. 






and Gt are the regular and irregular solution!'> of 
the Schrodinger equation for the interaction of a proton with 
a nuclear plus Coulomb potential. 
All the nuclear information is contained in the resonant 
phase shift a;,. The R-matrix theory of Wigner and Eisenbud 





where the quantities P1 and s 1 may be expres$ed in terms of 
F1 and G1• The boundary conditions of Wigner and Eisenbud 
(Wi 47) give the penetrability, 
pt = 
k where A2 F2 + G2 ' = A!(ka) 1 ~ t 
and ' ' st k(F 2 Fq + G gG q) 1 ka (A 2)' 4.11 = = - -'2 A2 1 At 2 1 
(A 2)' d 2 (kr) J = [At 1 d (kr) r=a 
where 
The nuclear information is now contained in the R-functions,. 
= 4.12 




~ the reduced widths of the levels >., are energy independent 
quantities which are related to the observed resonance width 
r>. through the following relation: 
r >. t 2 
-=y P, 4.13 
2 >.t ~ 





in 4.10 we get 
-
- 52 -
tan a~ = [ R; 
± 
with· R.t = - E) 
For a single isolated resonance this expression reduces to 
the single level dispersion relation 
a1 =, arctan [E\ :/:· -(~ )'r 
= arctan 
E). - E + 6)..t 
4.14 
4.15 
where 6). = (~ )' ~ is the level shift parameter. 
In the above discussion it was assumed that the only 
channel available for the decay of a given compound nucleus 
level was that corresponding to proton elastic scattering. 
However, this assumption was not valid in the present studies 
since inelastic scattering was also possible. To take 
account of the availibility of .other open channels eq. 4.6. 
is modified by reducing the resonant part of the elastic 
rn). 
scattering amplitude by a factor ~ ; where rp). and 
r). 
r). are the elastic scattering width and total width of a given 
level ). • The ~xpressions for B and C (eqs. 4. 7 and 4. a) thus 




e ) e ia R. (sin ei'R. + ~ ·ca+ B = I ( t+l )p R. (cos 'R. sin a+ e~ R. 




ei't + ~ + I R. P R. (cos e )eia R. [sin 'R. sin a~.eica;: 









e )eia R. {!i.i ei(S~ + 2. R.)} I p' (cos sin a+- . 
R.=l R. r>. 
Jl. 
4.17 
In addition the expression for r>.Ceq. 4.13) and 6>. must be 
modified as follows: 
r>. = I 
s 
r>.s = 2 I PJI. 
2 4.18 Y>.s 
s 
r>.s - 4 .19 
2 
where the subscipts >. denote the different channels available s 
for the decay.of the compound level>.. The expression for 6>. 
used in the present case is that given by Sachs (Sa 53): 
2 
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The coefficient of rAS in this expression is simply the 
tangent of the potential scattering phase shift for channel 
-According to Olness et al. (01 58) the difference 
in 6A calculated from these two expressions is negligible. 
The equations used in the calculation of the differential 
elastic scattering cross section for purposes of this analysis 
were eqs. 4.6, 4,4. 4.16 and 4.17. When the quantity 
lA + Bl is squared, three terms resulto The first term 
A corresponds to Rutherford scattering and the second term 
B to specifically nuclear scattering. The third term is 
given by twice the real part of A and B ( 2ReAB) and therefore 
depends on the relative phase between A and B. This term 
represents interference between the two amplitudes and it 
often dominates in determining the shape of the cross ~ection 
as a function of energyo Since B is a sum over various spin 
states the nuclear cross section consists of components due to 
various levels and interference terms between these components. 
Hetvever the phase shift 8 for distant levels will be close to 
either o or n so that the components of the cross section are 
usually small for these levels~ 
In using the expression for St in eq. 4.15 the assumption 
is made that the levels are isolated. Also in this expression 
no account is taken of ·the energy dependence of rA. This 
simplification could lead to errors for very broad levels 
.. 
- 55 -
where the penetrability P R. changes significantly within one 
resonance width. 
4.2 Calculation of eros~ sections 
A computer programme (see appendix A) was written in 
Manchester Autocode to compute da from the epxressions given 
above. ( Eq s • 4 • 6 , 4 • 4 , 4 • 16 and 4 • 1 7 ) • In order to 



















n /4 cosec·4 (9/2) 
Re(A) = n/ 2 cosec 2 (9/2) cos [ nJ-n cosec 2 
Im(A) = - n/2 'cosec 2 (9/2) sin [ n .. R.n cosec 2 
xkt cos ljlkR. 
xkt sin ljlkR. 
ykR. cos ' ljlkt 
ykR. sin ' ljlkt 
4.20 








and xlt = (t+l)Pt(cos a> sin +t ljJlt = +t + at 
~ B+ x2t = (t+l)P t (cos a) sin e+ ljl2t = + at + 2 4> t t 
r>. t 
x3t = tP t (cos a> sin <PR, ljl3t = ljllt 
x4t = tPt(cos e) sin B~ £1.2 ljl4t = a + 2 <P R, + e-
r t R, 




y21 = sin e ~I P.e (cos e)sin Bt 1/J{t = e+ + 24> t + at Q. 
r>. 
. A few approximations were made in the programme. 
Provision was made for a maximum of twenty levels with 
orbital angular momentum in the range t = 0 to 4. .For levels 
of the same spin and parity it was assumed that the total 
resonance phase shift, was the sum of the tangent.s of the 
individual resonance phase shifts, i.e.: 
tan B = t + 
According to Olness et al~ this procedure is satisfactory 
as long as the resonances are not within a fe\-1 widths of each 
other. However if ~ 
r 
~ 1, then the equations are such 
that all levels of the same spin and parity are reduced by the 
same factor. This limitation is again less important if these 
levels are far apart. 
The values of the potential scattering phase shift, +, 
were taken from the tables Q_f Block et al, ( Bl 51), The 





The actual values of 4> used are plotted in figure 4.1. 
Other numerical values used in the calculations were 
~2 = 
0.2075 ~2 in barns 
E E in keV 
and 
1 
n = 2. 56 56 E-2 
The level shift parameter was included for elastic 
scattering but neglected for the inelastic channel. This 
might lead to errors in the determination of E.h , r .A and 
rp.h in energy regions where the inelastic cross section is 
large. 
Accurate assignments in cases where levels of the same 
spin and parity are close to each other are not possible but 
the results may still be approximately truee 
An additional subroutine was added to the programme to 
facilitate the fitting of the calculated cross section to 
the experimental data. The function of this subroutine was 
to convolute the calculated.cross section with an energy 
spread corresponding to that introduced by the experiment. 
The shape of the energy resolution function was assumed to be 
Gaussian and its width S was determined by the target thickness 
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4. 3 Hethod cz_f_Analysi~ 
4.3.1 General Procedure 
.,.,.CICOil::a::if!lltal:(iaQ: 
The following method was used 1n extracting level 
parameters J, n, E, r and rp/r from the data: 
A set of hypothetical resonances was calculated for 
the proton energy 4 MeV at the four angles used in the 
experiment . The cross sections were calculated for all 
values of orbital angular momentum 1, up to 1 = 4 and, 
within each 1-value, for all allowed values of total 
angular momentum of the compound nucleus levels. The 
resonances were assumed to be isolated, ~ was assumed zero 
and r p/ r equal to unity. The results of this calculation 
are shown in fig. 4.2. 
In the· first stage of the analysis each resonance 
observed in the data was compared with the reference set. 
From this comparison it was usually possible to assign the 
orbital angular momentum and in some cases, the spin to the 
level in question. Initial values of the resonance 
energies EA and total widths rA were estimated by inspection 
of the elastic and inelastic cross section data. This was 
done for a number of levels in a given energy region, These 
parameters were then inserted in eq. 4.20 and a cross section 
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Set of theoretical proton elastic scattering 
cross sections at four angles for an isolated 
resonance at E = 4 HeV with wicith 
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were then adjusted to give the best visual fit to the data 
at 165° and at the same time to give a qualitative fit to 
the data at the other angles. The fitting was carried out 
at 165° since the resonance structure is more clearly defined 
at this angle and also since the uncertainty in the measured 
cross section is less at this angle. (see section 3.5). 
Although most of the resonances were analysed by the method 
outlined above, there were a number of resonances for which 
this method proved to be unsuitable. These resonances, 
numbere4 3, 4, 5, 6, 8, 11 and 12 in fig. 3.2, are very 
narrow {~ 1 keV); their observed widths being largely due 
to the energy spread in the beam and target thickness. The 
analysis of these resonances can be carried out by considering 
the area under the resonances in the elastic as well as 
inelastic data. However since the inelastic scattering 
cross sections are relatively low, the statistical (:!L'L·vrs 
were found to be relat i ve1y large in the present work and thus 
a.ssignmen·t s of widths by this method have large uncertainties. 
An alternative method of analysis involving only the more 
accurately measured elastic scatterin~ data was therefore 
used to analyse the narrow resonances observed in this worke 
An area analysis on a fe~-7 of th<~ .J:->csonances ~.ras ~ however, 
carried out as a check on the method and will be discussed in 






4.3.2 Analysis of Narrow resonances 
4.3.2(a) Method A 
In this method of analysis the aim is to determine a 
unique set of parameters (J 1\ r and fp/ r> for each resonance 
analysed, in terms of which the cross sections observed at the 
resonance energy at all four angles can be described. The 
experimentally observed cross section data are affected by the 
finite thickness of the target and by fluctuations in the 
incident beam energy. The calculated cross sections are 
therefore broadened or convoluted with a Gaussian resolution 
function before a comparison is made with the experimental 
data. The full width at half maximum of the resolution 
function,S is assumed to be given by: 
where ilE is the spread in beam energy and T is the target 
thickness. 
For the purpose of the analysis we i~nore the slowly 
varying "background" component of the cross section (contributed 
by distant levels, Rutherford scattering and hard sphere scatter-
ing) and focus our attention on the component contributed by 
the resonance under consideration. 
For convenience we now introduce three parameters, 
.aT>.' oRA., oR'>. which are defined so that after subtraction 





oT~ represents the unbroadened cross section at the 
resonance energy E ~'assuming rp/r = 1; 
2) oR~ represents the unbroadened cross section at E~, 
allowing for rp/r < 1 ; 
3) crR'.>. represents the broadened cross section at E~ , i.e. 
the value of aR~ after convolution with the resolution 
function (of F.W.H.M., S). 
From eqs. 4.6, 4.16 and 4.17 it is seen that for a 
single isolated level the expressions for the unbroadened 
cross section oR~has the form: 
= 
where ft, f2 and f3 are all functions of J1T, E.>. and a • 
·It is noted that oR.>. is dependent on r only through 
the ratio rp/r . The reason for this is as follows: The 
dependence of the differential cross section on r is introduced 
through the resonance phase shift B which is given in eq, 4,15 
as: 
B = arctan 
f/2 
E - E + I:J..>. .>. 
If the level shift parameter 1.>. is assumed to be zero, 
which appears to be a valid assumption for narrow levels 
(01 58), then by definition of oR.>. and oT.>. , 





Thus oRA and oTA are dependent on r only via rp/r • 
OR>. We may thus define a factor R1 = - which is dependent 
.. 0 T>. 
1 r I r d a f · E d J'Tr • on yon p an or a g1ven -A an 
We now introduce a second ratio R2 defined by R2 = 
oRA/oR>. • For given values of S and r it is clear that R2 
will be independent of oRA . Thus for a fixed value of S , 
R depends only on r. 
We may thus write 
= 4.23 
where R1 and R2 are independent parameters which depend on 
crp/r ,a> and r respectively • 
The analysis is now carried out as follows: 
(a) Assuming Jn, crTl(G) is calculated (eq. 4,20) 
(b) From experimental data cr
0
A is obtained. a
0
>. and oR'>. 
are equated; hence R(a )= R1 .R2 is obtained. 
(c) From eq. 4.20 R1 is calculated as a function of fp/r 
for the different angles a. 
(d) Using the conv Jlut ion subroutine, R2 is calculated as 
a function of r. 
(e) For each value of a a plot is now constructed of rp/r 
versus r as follows: 
For a given r, R2 is obtained from (d) and from 





rp/r corresponding to this value of R1 is then found 
from (c). 
Thus ~n general four curves are obtained correspond-
ing to the four angles e. If the choice of Jw is 
correct then the curves are concurrent at a point 
<r, rp/r) thus completing the solution. 
The method may be illustrated with reference to 
the analysis of resonance number 12 (see fig. 3.2(b) and 
fig. 4.3) at 4.002 MeV. 
From the shape of the resonance at the four angles it 
is clear that the orbital angular momentum of the protons 
involved is t = 2. The initial inspect ion does not favour• 
either one or the other of the two possible spin valueF, We 
assume that Jn = 3/z+. The resonance energy is found to be 
4.0020 ± 0.0005 MeV. 
Using these parameters R2 \vas calculated for a series of 
values of r '~ 1 keV. The results are shown in fig. 4.4(a). 
Similarly R1 wascalculated (c) at each angle for various 
values of rp/r• These are plotted in fig. 4.4(b). In this 
particular example the curves corresponding to e = 165°, 139° 
0 and 123 happen to coincide. 
The values of o
0
A/oTA obtained from the data of fig. 
4.3 are given in table 4.1. The errors include an uncertainty 
in the resonance energy. The plots of fp/r versus r (e) are 
given in fig. 4.4(c). The shaded areas correspond to errors 
- 66 -
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Figure 4.3 Differential proton elastic scattering cross 
section for resonance 12. Solid curves show 
cross sections calculated using the parameters 








Narrow resonance analysis by method A applied 
to resonance 12o A and Bin '+o'+(b) and (c) 
are based on measurements at a = 89° and 
a = 123°, 139° and 165° (coinciding) 
respectively 
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• TABLE q .• 1 
a
0
AiaTA observed for resonance 12 (Method A) 
.. 




- 0.44:t:Q.06 0,32:1:0,04 0.27:!:0,03 0.32:t:0.07 
~TA 
TABLE 4.2 
Widths for narrow resonance 12 (Method B) 
J7T e r fp/r 
keV 
3/2 
+ 165° 0.34:1:0.2 0.65:1:0.25 
123° 0.29:t:0.2 0.6Q:t:0.18 
5/2 + 165° 0.32:t:0.2 0.46:1:0.21 
123° 0.40:t:0.25 0.76±0.32 
-
... 
- 6 9 -
The value of rp/r and r at the point of intersection 
of the curves are: 
r = 0.4 ± 0.15 keV 
and rp/r = 0.75± 0.14. 
Figure 4.4(d) shows a corresponding plot if J~ is 
assumed to be 5/2+ , .Clearly there are no values of r 
p 
and r p/ r which would satisfy the conditions of a unique set 
of parameters at all four angles. 
The parameters determined in the above manner were 
used to calculate the solid curves in fig. 4.3 The curves 
are seen to agree reasonably well Hith the data. 
4.3.2(b) Hethod B (Area analysis), 
As a check on the validity of the assignments arrived 
at by the above method, an area analysis was carried out. 
The method used has been outlined by Olness et al. (01 58). 
Two independent expressions are derived which contain r and 
rp/r explicitly. For a ~esonance with a symmetric shape, 







where A (e) is the area under the elastic scattering p 
resonance: 
a(E,e) is the observed elastic cross section 
4.25 
4.26 
and aNR(e) is the nonresonance cross section (background) 
~ 2 a 2 is the differential c~oss section off resonance 
at angle e. 
x2 (a 2 + b2 ) is the true (unbroadened) peak differential 
cross section for fp/r = 1 at angle e. 
A1 is the area under the total inelastic cross section 
.P 
resonanceo 
Solving eqs. 4.24 and 4.25 we get: 
where H = 
4H - ab 
An(e) 
(J + 1/2) .......... ~" 
A' 
p 
4 ,, 27 
For the resonance discussed above (res, 12) the area 
A' was obtained from the differential inelastic cross 
p 
section and the angular distribution of the inelastically 
scattered protons taken on resonance. 
From the equations above values are obtained for r 





it is seen that the results for J1T = 312+ are ~n reasonable 
agreement with those found by method A. The results for 
a s/2+ assignment indicate a large difference in the yalues 
for different angles and thus that this assignment is 
inconsistent with the data. These-results thus confirm 
the assignments made by method A. 
The resonance assignments for all the observed 
resonances using the methods discussed in this chapter are 
discussed in chapter 6. Chapter 5 deals with inelastic 
scattering studies which were carried out to supplement the 









Parameters of compound nucleus levels could often be 
assigned with confidence from the elastic scattering studiesc 
However there were cases where assignments were not possible 
or ambiguities exist. It was therefore considered worthwhile 
to undertake some alternative studies of the compound nucleus 
levels by observing proton inelast~c scattering. 
Inelastic scattering studies are characterised by a 
number of useful features. The energy profiles of 
resonances in the differential inelastic scattering cross 
section for example are often symmetric since, unlike the 
elastic scattering case, there. is no interference of the 
resonance ahd Rutherford term in the scattering amplitude 
(eq. 4. 6). This simplifies the determination of resonance 
energies and widths. Angular distributions of inelastically 
scattered protons can be analysed to obtain information about 
the angular momenta and parities J~ of compound nucleus states< 
Although such an analysis seldom leadsdirectly to unique 
assignments the results obtained may often be usefully 
combined with results obtained from the elastic measurements. 
In this way it may sometimes be possible to confirm 9 or to 
remove ambiguities from,assignments based on the elastic 





and the channel spins'! of the inelastic protons may also 
be derived from the angular distribution data" 
Inelastic scattering studies may be useful in locating 
analogue states. For example if the target nucleus has a 
T = o ground state and protons are inelastically scattered 
to a T = 1 excited state, then elastic scattering from a 
T = 3/2 analogue state is doubly forbidden by isospin 
selection rules (see fig. 1.1) whilst the inelastic scatter-
ing is only forbidden in the entrance channel. The analogue 
state should thus be easier to observe in the inelastic 
scattering reaction. However in the present case this does 
not apply since the ground state as well as the low lying 
excited -states have T = o. The inelastic scattering work 
5.1 Heasurement of inelastic cross sections 
The first two excited states of 3 2 S are at 2o237 and 
3.78 MeV. In the present work only protons inelastically 
scattered to the 2. 237 MeV state were considered, In the 
t Channel spin s 1 refers to Blatt and Biedenharn notation: 
s' = I ± i where I is the ground state spin of the 
target nucleus and i the spin of the bombarding particle, 





energy region studied, ieee up to 5.5 MeV, inelastic scatter-
ing to the second level will be restricted due to the high 
penetrabilities and they were thus not considered. This may 
lead to errors in the inelastic proton partial widths but 
the elastic scattering partial width will not be affectedo 
The yield of inelastically scattered protons was 
measured simultaneously with the elastic scattering yield at 
165° in the energy range E = 4.0 to s~s MeVo 
p In the energy 
region Ep = 2o8 to 4.0 MeV the yield of inelastically scattered 
protons was measured only in the region of resonances already 
determined by the elastic scattering experiment. 
The reason for this was that in this region the cross 
section for inelastic scattering is very low relative to that 
"> 
of elastic scattering and it was thus time-consuming to carry 
out simultaneous measurements. 
The inelastic data were recorded, ·as in the case of the 
elastic data, in a multichannel analyser. In early runs 
pulses in the inelastic peak ~ere selected by a single 
channel analyser and scaled e Later however, as in the 
elastic measurements. recording a complete pulse height 
spectrum over the regio~ of the inelastic peak was preferred 
since it provided a means of background subtractiono 
height spectrum showing the peak due to inelastically 
scattered protons is shown in figure Solo 
A pulse 





















Figure Sol Pulse height spectrum showing peak attributed 
to protons inelastically scattered from 3 2 s 
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in the same way as described for the elastic scattering 
data. The intensity of the peak in the pulse height spectrum 
due to protons inelastically scattered from 3 2 s was typically 
an order of magnitude lower than that of the elastic peak. 
Statistical accuracy was consequently -:much poorer, typically 
10 to 20% compared with 0.5 to 5% for the elastic scattering 
data. 
The cross section scale was calibrated using the absolute 
efficiency of the detector as determined by the normalization 
of the elastic scattering data. The inelastic scattering 
differential cross section data at 165° are shown together 
with the elastic scattering results in figure 3.2. 
'5o 2 Angular distributions 
.. __ ,_:.' . . ,. 
5o2ol Experimental Procedure 
The angular distributions of inelastically scattered 
protons were measured at incident proton energies corresponding 
to the resonance maxima in the inelastic cross section data. 
For this purpose a modified scattering chamber was used. Two 
detectors were attached to a disc which could be rotated (from 
outside the chamber) about an axis perpendicular to the beam 
direction. The centre of the target holder was aligned with 
the axis and the detectors were placed at an angle of 30° 
relative to one another with respect to the axis. The second 
detector was used to check that the angular distribut;ion was 
-
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not dependent on some geometrical systematic error which 
might have arisen due to inaccurate alignment of the 
detector collimators. 
The data were collected in steps of 15° from 60° to 
It was not possible to measure the yield at angles 
less than 60° since the background due to the elasticglly 
,_ i'~ - --~, .•-
scattered protons (particul~r~y from the carbon backing) 
\ .. 
became excessive at forward angles. ,·, 
Targets used for these measurements were ~ 3-5 keV 
( ,. 
thick. These thicker targets were used in order to increase 
-, ~ ,, - ' 
the yield and to obtain better counting statistics: 
5.2.2 Data Reduction 
The data reduction was carried out in the same way as 
for the elastic scattering data. The background·correction 
was determined by interpolating the background on either .side 
of the peak through the region of the peak and subtracting. 
The dead-time corrections in these measurements were signifi-
cant <~ 2 to 10%) owing to the high count rates of the elastic 
protons at angles forward of 90° to the beam direction. 
The angular distributions were converted to the centre-





a<e> - = 
a{ljl} 




where ljl and e refer-tocangles in the laboratory 
and centre-of-mass systems respectively. 
5.1 
The centre-of-mass angle, e, was calculat-ed from 
= [ 
E 3 I ( ED1 + Q ) 
2
] sin e sin ljl 5.2 
where E3 is the energyof the outgoing proton. 
E1 is the incoming particle and 
Q., the energy liberq.ted in the react ion. 
D = 
and M1 , M2 , M3 and M4; refer to the masses of incident 
~article, target nuc~eus, scattered particle and final 
nucleus respectivelyc. 
5.2.3 Results 
The results of the ~I).ela st ic scattering angular 
distribution measurements are shown in figure 5.2. The 
c . 
error bars quoted for the data were determined by the 
statistical counting errors and the uncertainties introduced 
by the background subtraction. The results were plotted on 
a relative scale chosen so that the coefficient of the zero 
. ·-· ,.. -
.. 
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order Legendre polynomial was ~1. In order to obtain cross 
section data, the relative cross section data at 165° should 
be compared with the peak cross sections of the corresponding 
inelastic resonances in fig. 3.2. 
In order to describe the angular distribution as a sum 
of Legendre polynomials a least squares fit to the data was 
carried out using the expression 
a'<a> p 
where PL(cos a) is the ordinary Legendre Polynomial and. 
AL are coefficients. 
The maximum value of·· L was limited to Lmax = 6. 




Analysis of the data was undertaken in order to deter-
mine possible spins and parities of the levels. To achieve 
this it is necessary to obtain a theoretical expression for 
the angular distributions in terms of Legendre polynomials. 
The coefficients may then be compared with the experimental 
values. 
.. 
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Figure 5.2(a) Inelastic scattering angular distributions 
measured at various resonance maxima in 
the cross section data. 
Open and closed circles denote measure-
ments made using different detectors. 
Solid curves indicate least squares 
Legendre polynomial fits to the data. The 
numbers on the right hand side correspond 
to resonance numbers in fig. 3.2. The 
coefficients of the Legendre polynomials 
are given. 
... 
Figure 5. 2 (b) 
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CENTRE OF MASS 
Inelastic scattering angular distributions. 













CENTRE OF MASS ANGLE 
Inelastic scattering angular distributions. 




5.2.4(a) Theory of inelastic scattering 
The theoretical angular distribution is derived from 
the general form given by Blatt and Biedenharn (Bl 52): 
where 
and 






2S + 1· 
I I+ i 1 
I 
'- I r' ·'I s· -J. 
co 
2s + 1 __ ...;;.,;;;....,......;;;;;,... ___ da' s':rvs 
(2I + 1)(2i + 1) ·"" 
5.4 
L BL(a's' ,as)PL(cos e)dQ 
L=o 
5.5 
BL (a ' s ' , a s ) = c 
5.6 
The notation is that of Blatt and Biedenharn. 
Z'(iJiJ,sL) are the quantities defined by Biedenharn, 
Blatt and Rose (Bi 52). They contain the 
products of Racah and Clebsch-Gordon 
coefficients. 




where ~~ ~ represent phase shifts 
J and S , , , is the scattering matrJ.'x. a s t ,ats 
An expression for C in terms of phase shifts is given 
by Kashy et al. (Ka 60): 
t 
where crt - cr - a - \ arctan (n/s) 0 - !/, ~ 1.. 
s=l 
and ~t and et are defined as in eqs. 4.9 and 4<15 respectivelye 
In the special case of inelastic scattering of protons from 
a spin zero target to a level of known spin a number of 
simplifications can be made: 
1) Since the target spin is zero, the entrance channel 
spin scan have only one value: s = }. 
2) The spin of the first excited state of 3 2 S is known to 
be 2+ (01 58). 
Thus the exit channel spin can assume only two values: 
s' = 3/2 or s' = 5/2. 
The barrier penetrability associated with the emission of 
inelastic protons of orbital angular momentum Jl.' > t'. . mJ.n ,. 
the lowest allowed orbital angular momentum, is at least an 
- - 85 -
order of magnitude higher than for R.'. • . mJ.n The assumption 
is thus made that only R.~in contributes to a given resonance 
scattering process. 
·, '. 
This ass~mption is probably not valid 
for higher energies. 
Using these simplifications it is thus seen that the 
angular distribution for a single isolated resonance, A' is 
completely defined by R.A, JA and the mixing parameter, MAs' , 
for the two channel spins s' o 
The mixing parameters are defined by 
= 
rR.'s' . 5.9 
where ·rAP, is the partial width for decay of the level by 
inelastic scattering via both s' channels and r~ , is the 
~s 
partial width for decay via channel s', with orbital angular 
momentum fl.' • 
Rewriting equations 5.4 to 5.8 in terms of the above 
assumptions, we obtain the following 
5/2 , 2 Lmax 
d 0 - ~ ( 1 ) s - s "12 \ \ \ Z ( R. J R. J • sL) Z ( fl. ' J fl.' J •s' L) 
-- - -1.. L. L. A A 11 11' A A 11 J. dn s :3/2 ~~o A 11 







where A , lJ = 1, 2 o o o o • o o o o o , 
and Lmax = 2 min(l,l' ,J) 
For a single isolated level A, lJ , the angular distribution 
on resonance reduces to: 
do = x2 rprp• 
dn r 2 
L, L (-l)s'-sHs'AZ(~J~JpL)Z(~'J·7.t'Jr-1 ,s'L)PL(cosa) 
s L 
5.12 
. This is· the form given by Belote et al. (Be 61). 
A programme (see appendix B) was written to compute do 
from eqs. 5.10 and 5.11. 
dn 
The number of levels simultaneously 
handled by the programme was limited to four and special 
subroutines (Wi 67) were used to calculate the Racah and 
Clebsch-Gordon coefficients included in the Z-functions. 
Method of analysis 
Using equation 5.12 the theoretical angular distribution 




with~= 0,1, •• 4 were calculated. These are shown in 
fig. 5.3 for the channel spins s' associated with the lowest 
allowed ~· value. Where the two channel spins s' = 312 and 
5/2 have the same ~·, both angular distributions are shown. 
The experimental angular distributions for those cases 
where the contribution from neighbouring levels 'i.vas small were 
then compared with the theoretical distributions. In most 
case~-~~~s_ was done by comparing the ratio of the Legendre 
--- -----· ----A--~---------------·-· --------- - - --
polynomial coefficients -1 for the observed distribution with the 
calculated values. 
Ao 
~~~~~~~~----~--------------­In cases where both channel spins are 
allowed, the channel spin mixtures were:.determined. A 
unique spin assignment was often not possible as a number of 
different spin values give the same angular distributions . 
For example a number of Jw values give an isotropic distribu-
tion (see fig. 5.3). However, taken together with the elastic 
scattering results the possible assignments from the angular 
distributions may determine a unique spin and parity, 
Where interference between resonances was present the 
possible level parameters assigned by the elastic scatterin~ 
analysis were used to generate angular distributions for 
inelastic scattering using eqs. 5.10 and 5.11. Different 
combinations of channel spin mixtures were tried in an attempt 
to reproduce the experimental distributions. This was done 
in an attempt to check that the level parameters assigned from 
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Theoretical inelastic scattering angular 
distributions calculated from eqS .f?for 
each value of J'll' for 1 < 4 and for channel 
spin s' compatible with the lowest allowed 




The resonance assignments to individual levels are 
discussed in detail in chapter 6c 
5e3 Determination of rp/r from inelastic scattering data 
Values of rp/r obtained in the elastic scattering analysis 
may be confirmed using inelastic scattering datao 
devised in order to do this is the following: 
The method 
For an isolated resonance in the excitation function 
for protons inelastically scattered from 32 s the total 
inelastic cross sect ion is given by the w~ll known Breit-
Wigner single level equation: 
a 1 = p 
'Tr ·)(2 
- (2J + 1) 
2 
5,13 
The total inelastic cross section on resonance thus reduces 
to 
2n3r 2 (2J + 1) 
~ 1 i 




The total inelastic cross section may be obtained from the 
differential cross section on resonance and the known angular 
distribution: 
a t = p 
'Tr 








If the angular distribution is written in terms of a sum of 
Legendre polynomials 
4 
o(e) = L A1P1 (cos e) t=o 
then it is fou.nd that eq. 5.15 reduces to: 









If, in addition, the assumption is made that the only open 
! 





rp/r = 0.5 t (0.5- 2rprp') 
r2 
The value of rp/r was calculated using eqs. 5.18 and 
5.19 
5.20 
5.20 for a number of "isolated" resonances. Two. possible 
values are determined by eq. 5.20. The one closest to the 
result of the elastic scattering analysis was chosen. 





The spin assigned was J = S/2-, The values of the Legendre 
polynomial coefficients were A
0 
= Oo84 o A2 = Oo23o Using 
eq, 5.20 the values of fp/r are found to be 0.89 and 0.11. 
From the elastic scattering the value of fp/r was found to 
be: 0 e 7 5 • If the value 0.11 is discarded then the other~ 
0.89 is seen to be in fair agreement with the elastic data. 
The values of rp/r from both elastic and inelastic scatter-
ing measurements are given together with the other assignments 
' in table 6.1. The values of rP;r determined by the two methods 







RESULTS OF RESONANCE ANALYSIS 
The methods of analysis described in chapters 4 and 
5 have been used to assign level parameters to the resonances 
observed in the cross section data. The results of the 
analysis (i.e. the assignments of spins, parities, energies 
and widths) are summarised in table 6.1. The cross sections 
calculated using these parameters are shown as solid curves 
in fig. 3. 2 This chapter is devoted to discussion and 
commentary concerning the individual resonance analysis. In 
the discussion the resonances are referred to~,by the numbers 
assigned to them in fig. 3 .'2 !as well as their resonance 
energies. 
In the lower energy region a number of broad resonances 
were observed. Since the assignments to the narrow levels in 
this region depend on the assignments to the broad levels, the 
broad levels (i.e. resonances 2, 9 and 10) are discussed first. 
The remaining resonances are then discussed in order of 
increasing energy. 
t See also foldout inside back cover. 
-
TABLE 6,1 RESULTS OF ANALYSIS OF RESONANCES FOR PROTON SCATTERING FROM 32 S 
Resonance E E:~ < Hcl) I. J" r r p/ r rptr 62 62 I 
Number {Me~) lieV) (keV) From (p 1p) from {p 1 p 1 ) p p' lUO~ XI02. -
1 2.Bllt0,002 5.016 1 3/2- 6,00t1,0 1 0.72 '~>50 
2 2.910*0,020 5.112 1 1/2- 400t40 'lo1 147"~8 
3 2.904*0,002 5.106 3 ( 5/2,- <,10 '~>1 o. 214 
14 2.920*0.002 5.112 2 3/2+ 0.25*0.10 '~>1 ' 0.076 
5 3,099t0,001 5.295 3 5/2• 0.32*0.15 0,48*0,12 o. 21 9,149 
.. 6 3.200t0,002 5.393 2 5/2+ 0.20*0.10 0.75*0.2 0.035 0.36 
7 '3.273•0,003 5.4614 0 1/2+ 2St4 1 1.30 
B 3.38St0,002 5.572 3 7/2- 11.5*0.2 0.25*0.15 l 0,145 3.63 9 3 ,SQOtO,OlO 5.6814 1 312- 1125*15 1 7,90 
10 3.575*0,005 5. 7 57 0 112+ 120*5 1 
I 
o.88 
11 3 • 7 23 *0 ,002 5.900 3 s12- I'. ••o .02 0.35*0.101 o.31 I 2. 54 
12 4.002*0,002 6.170 2 3/2+ 0,4*0.15 0,77*0.12• 0.034 0.025 
13 14.0514*0.002 6.221 2 (5/2)+ 14.5*1,0 o.8 0.65 0,40 0.25 
H 14.079*0,002 6.245 3 12H o. 22 1.03 7.50 
15 14.100*0,002 6.266 3 ( 5/2,- ,s2 .o 0.2 0.16 1.144 
16 ' 4,106 *0,0014 I 6, 271 1 3/2- 26 t 4 0.9 0.92 2.15 
17 14 .112*0.002 6.277 0 1/2+ 1.0*0.3 ' 1 0,031 -
l9 4.145*0,002 6,309 3 5/2- 4*1 
I 
0.75 0,89 1.08 o. 56 
19 4,167*0.0014 6, 331 (2) ( 3/2+) 16*2 ., 0,15*0.1 0.25 0,17 2.29 
20 14.259*0.010 6.1420 1 (1/2)- 65*10 l 1 J 2.33 -
21 4.285*0.002 6.1445 (3) .S2. 0 
I 
0.2*0.15 0.2 l 0.13 0,46 
22 4.1440*0.003 6,595 
(3/2)+14.0*1.0 23 4.495*0.002 6,6119 2 o.s 0.14 0.24 
24 4.1496*0,002 6,650 3 (7/2)-112*2 0.3 1.01 1.78 
25 4,570*0.002 6. 721 2 (5/2)+17*1 0.9 0.45 0.08 
26 4.738*0.004 6.884 2 (5/2)+j 25*::1 0.9'5 l.G2 1),088 
27 14.80!;*0,00516,9149 3 (7/2)-j 22*4 I 0.09 I 0,42 3.19 
28 4.865*0,003 7.008 2 5/2+ 14*2 0.35 I 0.32 0,73 I 
~9 4.879*0.003 7.021 3 0/2)- 6*1 0.15 0.17 o.ss 
30 4.980*0.004 7.1Hl 2 5/2+ 15*2 0.8 o.B3 0.77 0,23 
31 5.o77*0.0G4 7. 213 3 5/2- 16*2 0.1 0.26 1.37 
32 5.104*0.002 7. 239 2 (3/2+)12*0.5 o. 8 0.65 0.09 0.25 
33 (5.170*0.015) 7,303 (O) (1/2+) (45) o.s 
.314 (5.185*0,015) 7.318 {2) (3/2+). (10) o. 2 
35 5.201*0.003 7,334 4 9/2+ 3*1.0 0.6 l. 58 0,43 
36 5.224*0.004 7,3 56 2 (3/2)+ 4*2 0.15 0.033 0.203 
37 5,304*0,003 7.433 2 ( 5/2) + 10*3 0.75 0.39 0.129 
38 5.367*0.008 7,494 1 3/2- 60*10 0,6 0,092 0.191 
39 5.376*0.003 7,503 4 9/2+ 1. 5* 5 0.5 0.54 0.183 







6.1 Discussion of assignments 
Resonance 2. E~ = 2.910 ± 0.020 MeV 
This resonance is observed in the data at 165° extending 
from· 2.~ to 3.1 MeV. The broad peak preceded by a strong 
dip ~t 16 5° indicates that the orbital angular momentum 
involved is R. = 1 (see fig. 4;2) 
Two spin assignments are-possible since J = R. ± 112,i.e. 
J = . 1/2 . or 3 I 2 • Of these only. 1 I 2- is compatible with the 
data since the cross sections 9alculated for 312- ar~ too 
high. Ari initial estimat7 gave the width as 350 keV and the 
energy.· Ep _ = 2.890 MeV. These parameters were inserted in 
eq. -~ .• 20 _and cross sect iori curves were generated· in the region 
of the .resonance. The parameters were then adjusted to giv~ 
the best fit to the data at 165°. The final values of'the 
parameters found in this way are listed in table 6.1. 
Additional evidence.in support of the assignment~ for 
... ·. 
this resonance was obtained when the narrow resonances 3,4, 5 
and 6 were analysed. Resonance 2, being very broad, overlaps 
l'_ ··- \ 
all of these narrow resonances and their shapes are strongly 
affected by interference with resonance 2. The good fits 
achieved for these re·sonances were not possible if the assign-




Resonances 9 and 10 .- EA = 3.500, 3.575 MeV 
The data suggests that at least two levels contribute 
- . . 
to th~ cross section in th~ Ep = 3~~ to 3o6 MeV r~&i~P· The 
deep ?ip at Ep = 3.5 8~ MeV,, e : 89° indicates that one 'of these 
levels must have R. = o or. 2, since these are the only possible 
assignments of R. which result in a dip at 89° (see fig. ~.2). 
The R. = 2 possibility is ~uled out since this would, also 
require:_ a dip at "' 3. 6 ~ev, · e = 16 5° o Combinations of . 
. + . 
Jw = 1/2 for resonance 10 with Jw = 1/2- cr 3/2- ror 
resonan.ce 9 were tested and it_ was found that the combination 
of Jw:1/2+ and 3/2- for the _two level,s together wit}) the 
respect~ye widths and energies given ih table 6 o l..gave a 
reasonable fit to the data at a~l angles • 
.It was however not possible to obtain satisfactory 
fits to~_the data in the region on the high energy side of 
these_resonanceso It is thought that this might be a 
consequence of the fact that no account was taken of the 
energy dependence of the total width in eq. 4. 20. · Although 
no quantitative estimate was made of the effect of the 
assumption of the energy independence of the widths, it is 
likely that this might lead to. a discrepancy in fitting 





The shape of this resonance at all angles is inconsist-
ent with any of the single leve~ shapes in fig. 4.2. This 
suggests that interference effects due to resonance 2 should 
be taken into account. When doing this it is found that 
Jn = 3/2- gives a good fit to the resonance shapes at all 
angles. No other assignment gives even a qualitai:iye fit to 
the resbnance shapes. 
No inelastic scattering has been observed for'this 
resonance in the present work. However Olness et al. 
(01 58) report an inelastic scattering width r' ~ 0.0015 keV. p 
Resonance 3. 
Since no inelastically scattered protons were obs~rved 
in the pulse height spectra at the resonance energy, it was 
The resonance is not observed at 
e = 89° or 123° but is quite strong at e=l65°. This can be 
expl,ained (see fig. 4.2) by assigning Jtt = 5/2- or 7/i-
(i.e. 'R. = 3). 
independent of a. We would thus expect that the ratio a o). I aT·). 
measured experimentally wiil be equal at the two angles 
at which the resonance was observed. 






TABLE 6.2 Observed values of o0 A/oTA for resonance 3c 
0 0A/ 0 TA 
irr 
e = .. 139°· e = 165° 
S/2 - 0.07 * .. Q ._02 0.07 0.03 ± 
···-~--
7/2 - 0.17 ± 0.07 0.05 ± 0.02 
.... ······-· ·- ······· 
Thus an assignment of Jn = s/2- ~s strongly indicated. 
However, since this resonance is very close to the broad 
resonance 2, and the cross section could only be measured 
at two angles, this assignment is accepted only as tentativE':, 
The width r, given.in table 6.1, is calculated assuming 
rp/r : 1, and Jn = S/2- • 
Resonance 4-. 
In this case again no inelastic scattering was observed, 
heQce fp/r was assumed equal to unity. The dip in the 
cross section at e = 89° suggests that the orbital angular 
momentum involved is R. = 2 althqugh the same effect ,could be 
produced by interference with resonance 2. Resonances were 
generated at this energy for all possible spins and parities, 
with the interference from resonance 2 taken into account. 
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It was fou~d that only a 3/2+ assignment gave a reasonable 
qualitative fit at all angles. The analysis then proceeded 
as for resonance 12 (see section 4o3o2(a)) and it .. was confirm-
ed that the only possible spin;...parity was JlT = 3/2+. 
Resonance 5o EA = 3o099 MeV. 
A comparison with the single level shapes in figc 4. 2 
shows that no single level shape can explain the cross section 
at all, angles; the effects of interference with resonance 2 
' : ~: ... 
must thus be taken into consideration. 
parities for t = 2 and 3 were t~ied. 
All spins and 
The only assignment 
which reproduces the experimental shape at all four angles 
.;s ·JlT I -... :: 5 2 • The widths were again assigned using method A 
described in section 4.3.f(a). Assignments were also made 
usinginethod Band although the errors were large,_the results 
were, in fair agreement with those of method A. 
The angular distribution of the inelastic protons on 
resonance is shown in fig. 5~2(a). The Legendre polynomial 
fit to' this distribution is well matched by the theoretical 
•.... ; • . ' 1T -
expres~ion (eq. 5ol2) w~th J = 5/2 • If there is.no inter-
ference ~rom other inelasti9 .·scattering resonances in the 
vicinity, which appears to be the case, then this assignment 
is unique since no other spin-parity assignment will give a 
distribution that matches the Legendre polynomial fit. The 





confirmed. The channel spin mixture necessary to match 
the Legendre polynomial fit is M312 = Oo76, M512 = Oo24o 
Resonance Go EA. = 3.200 MeV. 
The analysis was carried out by method A only·(section 
4.3.2(a>:>. The spin~parity and partial width assign-
ments are given in table 6.1. The inelastic scattering 
cross section was small and consequently no angular 
distr~bution was carried out. 
Resonance 7. 
From the shape at all angles we confidently assign the 
' 'IT ' + 
spin~parity of this level,·J .. : 1/2 • 
Eesonance a. 
· Interference with the broad levels in the vicinity 
helped,,~n assigning the spin-:-parity of this leve} as 7/2-. 
This w~; the only assignment which would fit the data_even 
·· ··· ..... , r· ,... A • , 
qual~~c:i~ively at all four angle~. Widths were assigned by 
m~thod .':• 
: ~" 
··The inelastic scattering angular distributior_:l measured 
is compatible with 5/2- or 7/2- assignments. For 7/2- the 
channel-spin mixture needed to match the Legendre polynomial 
fit to the distribution is M312 = o, M512 = 1. .The lowest 





and t' = 1 for the s' = 5/2 channel. Thus the channel spin 
mixture given above is in agreement with the assumption that 
only the lowest R.' value is involved in the decay, of a level 
in this .. energy region. 
Resonances 9 and 10. 
·· .. / . 
EA = 3.500 and 
3.575 MeV. 
These resonances were discussed prior to Resonance 1. 
Resonance 11 • 
This resonance was analysed in a similar way to the 
other narrow resonances. A good fit to the shape is found 
for J'lf • = 5/2- , and because of interference with the broad 
levels 9 and 10, this is again found to be unique. The 
inelastic scattering angular distribution is compatible with 
. . 'IT 
either J = 3/2- or 5/2-. The' 3/2- possibility can however 
definitely be ruled out on the basis of the elastic scattering 
r(;!sul ts .• The channel spin mixture required to match_the 
Legendre· polynomial fit to the angular distribution for 
J'IT = 5/2- is M312 = 0.11, M5; 2 \= 0.89. 
Resonance 12. EA = 4-.002 MeV. 
The analysis of this resonance was discussed in detail 
in section 4-.3.2. 
J'IT = 3/2+. 
This analysis led to an assignment of 
The angular distribution of the inelastically scattered 
• 
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Resonances 14, 15, 16 and 17 o EA = 4o079, 4olOO, 
4 o 10 6 and 4 o 11 2 He V o 
The region Ep = 4o07 to 4ol2 is difficult to analyse 
because of the fact that the l~vel density is hig~o Since 
shapes of both resonances 14 and 15 indicate t = 3 assignments 
the s~ngle level assumption is probably not a good approxima-
tion in this regiono 
'Resonance 17 (Ep = 4 oll2) is narrow and would probably 
best be analysed by the methods used in section 4o3o2o 
However, since the "background" cross sect ion was somewhat 
uncertain, this was not attemptedo From the shape at all 
+ angles. it is clear that only a 1 I 2 spin-parity would give 
even a qualitative fit at ~11 four angleso 
Resonance 16 was not .·immediately apparent from the 
datao .·· The dip between resonances 14 and 15 could not be 
understood by assignments to these two resonances onlyo 
Also the flat region on the low energy side of 17 could not 
be explained by interference between 15 and 17 o The only way 
of explaining these features was by assuming a resonance 
wjth t = 1 at 4ol06 MeVo Both spin possibilities were 
attempted but it was found that for 1/2- a deep interference 
dip r~~Glted on the low energy side of 17o In addition, the 
region near resonance 15 was not well reproducedo 
3/2- assignment a good fit resulted at 165°o 
With a 
In the case of resonance 14 there is no preference for 
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either a 5/2- or a 7/2- assignmento Resonance 15 on the 
other hand is better fit at 165° by assuming a 5/2- assignmento 
However due to the uncertainty in the assumptions of the 
formalism already mentioned, the assignment is considered 
as tentat iveo 
The inelastic cross section data in this region show two 
resonances one corresponding to resonance 14 and 'the other 
. . / ... 
to resonance 15 and 16 o The angular distribution taken on 
resonance 14 is compatible with. either a 5/2- or 7/2- spin-
parity assignmento The other shows strong interference 
effect So An attempt to match the least squares fit proved 
unsuccessfulo This was again thought to be.due to the fact 
that the single level assumption in the formalism was not 
valid in this regiono 
Resonance 18 o E>. = 4ol45 MeV, 
0 The symmetric peak at 89 and the large cross section 
at. 16 5° strongly indicate that the orbital anguJ.ar momentum 
involved is ~ = 3o Although the large peak cross section at 
first indicated a J1T = 1/2-, assignment, other considerations 
established the spin-parity as 5/2- ·.• The inelastic scatter-
ing angular distribution was found to have a small P2 (cos a)' 
component and this could not be explained by J1T = 7/2- even. 
after taking into account the interference from nearby ievelso 
A J1T = 5/2- assignment on the other hand gives a better match 
-
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to the least squares fit to the data. With this assignment 
it was also found that a better fit to the data at the other 
angles resulted. Furthermore, attempts to fit resonance 
19 proved to be impossible :f.tr a J1T = 7 I 2- assignment to 
resonance 18 whereas with J1T = 5/2- a good fit was possible. 
· This assignment is thus unambiguous. 
Resonance 19. E). = 4.167 MeV. 
This resonance is strong.in the inelastic cross section 
curve but is only observed as a "shoulder" in the elastic 
scatt.ering data at 165°, and not at all at the other angles. 
The negative P2(cos e) component in the Legendre polynomial 
fit. to the inelastic angular. distribution can be matched by 
Attempts to fit the · 
elastic .data in this region; using the energy and .. widths 
indica~ed by the inelastic data, showed that only,;the-.'3/2+ 
,<. _.,_ ,, 
possibility gives a qualitative correct result. This 
assignment was thus tentatively adopted. 
Resonance 20. E). = 4 • 2 5 9 :!: . 0 • 0 10 MeV • 
The deep dip ate = 16 5° and Ep = 4. 250 MeV and subsequent 
plateau region indicate a broad t = 1 resonance. Although 
J1T = 1/2- gives a slightly better fit, J1T = 3/2- cannot be 




Resonance 21. E~ = 4.285 MeV. 
This resonance is observed only at 165° in the elastic 
scattering data. The fact that it is not observed at the 
other angles indicates that the relative magnitude of the 
resonance at 165° is much greater than at the other angles• 
This would be compatible with t = 3. The inelastic scatter-
ing angular distribution has a P3 (cos e) component which 
indicates interference, possibly with the broad resonance 
20·. It was not possible however to match this distribution. 
Thus no assignment could be made in this case. 
Resonance 22. E~ = 4.440 MeV. 
This resonance is too·. weak to be subjected to any form 
of analysis. 
Resonance 23, 24. E~ = 4.495, 4e496 MeV .• 
There are a number of indications that this is in fact 
a doublet. Firstly, the large width at 165° compared with 
0 that at 8 9 • Secondly, th~ shape at all angles cannot be 
reproduced by a single level shape, and thirdly,:the inelastic 
cross section on resonance is too high to be expl~ined by a 
single level. An investigation of the shapes at 165° and 
8 9° limits the possible R. assignments to R. = 2 and R. = 3. All 
combinations of the corresponding spin-parity assignments were 




give a large interference dip at 165° was 3/2+, 7/2- • 
The final shape at all angles was found to be sensitive to 
both the energy separation and the widths of these resonances. 
The parameters which give the, best fit to the 16 5~. data. are 
found to give a reasonable fit at 13 gO and agO as. Well bUt 
a rather poor fit at 123°. (A systematic least squares 
analysis using a fast computer would be required to vary all 
the parameters until a good fit was achieved at all angles. 
The present method of analysis proved to be too time co~suming 
to improve the fits any further). 
The angular distribution of the inelastically scattered 
protons can be matched by the above assignments for 
a > go 0 • The assignments are thus probably correct but em . 
they are assumed tentative owing to the poor fit at 123°, 
Resonances 25, 26. 
For both t;hese resonances the ·shapes at all angles 
indicate R. = 2. In both cases J'll' = 5/2+ gives a slightly 
bettet:> fit than J'~~' = 3/2+, but the latter cannot be ruled 
out. The J'll' = 5/2+ ass.l.&nments are thus only tentatively· 
adopted. 
' . ~ 
In the case of resonance 26 the inelastic scattering 
angular distributio.n is almost is,otropic. The slight 
deviation from isotropy can be explained by interference from 




Resonance 27. E .A = 4 o 80 5 MeV. 
This resonance is observed in the inelastic data as 
well as the elastic data at 165°. From the inelastic data 
an estimate of. the energy and width of the resonance is 
obtained. An t = 3 assignmen~ . gives a qualitative fit at 
Although there is a, slight preference for J1T = 7 I 2-
this can only be considered very tentative. The unsymmetric 
shape observed in the inelastic scattering angular dis·t'ribu-
' ' ' 
tion can be attributed to ·'interference with levels 26, 28 
and 29. The distribution for acm > 90° can be matched for 
~· . . . ., 
either a 5/2- or a 7/2- assignment. 
R.esonances 28 and 29 •. 
From the elastic scattering data at a = 165° and the 
inelastic data it is clear that this anomaly .is due to two 
resonances. The dip at 89° indicates that 28 is formed by 
protons with t = 2 or 0. The deep interference dip at 165° 
however can only be explained by the t = 2 assignment o · The 
shape of resonance 29 indicates t = 3. All combinations 
of the corresponding spins and 'parities were tried and .it 
was found that only a 5/2+ assignment to 28 would reproduce 
the data at 165°. The peak following this dip could be 
explained by either a S/2~.or a 7/2- with a slight preference 
for the latter. The good fit at all angles confirms the 
assignments to these two resonances. Angular distributions 
.. 
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of the inelastic scattering show strong interference effects 
and it was not possible to match them with any of the assign-
ments attemptedo This was thought to be due, firstly, to the 
high density of levels in this region and secondly to the fact 
that in this energy range the assumption that only the lowest 
possible t' value is involved in the decay of the level, is 
probably not valido This will be shown in the discussion 
of resonance 30 o 
Resonance 30 o EA = 4 o 9 80 MeV e 
The elastic scattering data limits the spin parity 
assi~n~~nts to 3/2+ and 5/2+ o The inelastic scattering 
angular distribution is fit by a 5/2+ assignment with 
channel spin mixture M312 = Oo6 and M512 = Oo4o For the 
channel with s' = 3/2 the lowest allowed orbital momentum 
of the inelastic proton is t' = 2, whilst for the channel 
with s' = 5/7. ,it is t' = Oo Thus according to our assumption 
that only the lowest possible t' value is allowed, we expect 
That this is not so indicates that 
the assumption, although probably valid in the lower energy 
region is hot valid at these higher energieso A 3/2+ 






- ·-·~-- ... ~~· .r ... • 
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Resonance 3lo E ~ = 5 • 07 7 MeV o 
The symmetric shape at 165° and relative magnitude 
leaves little doubt that the orbital angular momentum 
involved is R. = 3. The inelastic scattering angular 
distribution contains a large negative P2 (cos a) term. 
This is easily matched for J11' = s/2- and this assignment 
is thus unambiguous. 
Resonance 3 2. E~ = 5.104 MeV • 
This resonance has the familiar R. = 2 shape at all 
angles. It is found that J11' = 3/2+ giv.es a better fit 
to the magnitudes of the resonances at 
all angles and this assignment is thus tentatively 
adopted. The inelastic scattering angular distribution 
"is again almost isotropic so that no further evidence for 
either of the two J11' values could be obtained from it. 
Resonances 33 and 34.;, '·" E~ = approx •. :5 .. 175MeV. 
. ·-',_ ... 
This region contains at least two resonances. One of 
these must have t = o or 2 · to explain the dip in the cross 
section ·at a = 89°. A broad R. = 2 resonance which would fit 
the data at a = 89° is completely incompatible with the 
a = 165° data. A possible assignment is indicated in table 
6 ol and "is used to generate th.e curve shown in fig o 3 o 2. 
.. 
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The fits at a = 123° and 139° are very poor. The possibili-
ty of a third resonance being present in this region is not 
ruled out. No other combination of two resonances gave even 
a qualitative fit to the data at a= 165°. 
Resonance' 3 5. · EA. = 5. 201 MeV. 
' ·~- ·: 
The shape at e = 89° immed~ately suggests an R. = 4 
assignment. With J~ = 7/2+ t~? fit at this angle is 
qualit~tively correct but displaced along the energy axis 
with respect to the fit at e._ = 16 5°. A J~ -- 9/2+ . .ass~gn-
ment on_ the other hand, gives a reasonable fit to the data 
at 89° and also predicts the correct relative magnitudes at 
the other angles o 
-
The inelastic scattering angular distribution also 
favours an t = 4 assignment but_ both spin values. would match 
the least squares fit to the distribtuions. 
Resonance 36o EA.= 5.224 MeVe 
· The inelastic scattering cross section is again useful' 
in this case in estimating -t:he_ width and energy of this 
resonance o All possible spin values for t = 2 and 3 were 
tried and the best fit to the data at 165° was obtained for 
~ + 
J = 3/2 0 However, due to the close proximity of possible 
oth~~ i ~ 2 resonances in the E = 5ol6 to 5ol9 regioni p 
this assignment must be considered tentative. 
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Resonance 37. 
The shape is again obviously 1 = 2. No inleast ic 
scattering angular distribution was measured. Although the 
height of the resonance at 165° can only be explained by a 
Jn = 5/2+ assignment, the Jn = 3/2+ possibility cannot be 
'· ~ .; 
ruled out since the background in the region of this resonance 
is not very well understood. 
Resonances 38, 39 and 40. EA = 5.367, 5.376 and 
5.390 MeV. 
It is clear from the structure in the E = 5.35 to 5.40 
p 
MeV region that three levels contribute to the cross section 
in this region. Resonance 40 has a dip at a = 89° and 
decreases slowly at a = 165°, indicating a spin-parity of 
Resonance 39 has all the required characteristics 
for an 1 = 4 assignment. It is found that the double dip 
at a = 89° can only be explained if the spin-parity of the 
·. ·... + 
level is 9/2 • In the case of resonance 38 the only assign-
ment which gave even a quantitative fit to the data was 
The fit to this region is reasonable considering 
the small spacing between the l'eveis and the fact that the 
possible interference effects from higher lying resonances 
was not taken into account. 
In comparing the calculated elastic scattering cross 
sections with the data it should be remembered that the 
... 
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fitting was carried out at a= 165°. It is seen in figo 
3a2 that the agreement between the calculated curve and 
the data at a'~ 89°, 123° and 139° is good at low energies 
but poor at high energies. The poor agreement at high 
energies (i.e. Ep > 4 MeV) is thought to be due to the limited 
validity of some of the ass~ptions made in the analysis 
particularly the assumption that r is independent of energyc 
Another factor that could influence the slowly varying 
component of the cross section· is the choice of interaction 
radius in the calculation of the potential scattering phase 
shirt ~. 
Notwithstanding the poor fit to the cross sect ion in 
the high energy region, it is seen that the vari§J;Jon of the 
cross section in the vicinity of individual resonances is 
in general in good qualitative agreement with the data. 
Thus even though the "background" is not well understood, the 
assignments of resonance parameters can be made with confidence. 
This applied particularly to the assignment of spins and 
parities since these are to a large extent based on the shapes 















6.2 Reduced Widths 
··~-,~~~~..........:.:·"'·'----
Reduced partial widths fer elast :i,c and inelastic 
2 = fp/2P yp 
t 
" 2 :::; rp/2P 'tP' 
Jl. 
The penetra:Oility factor P1 is related to the regular 
and irregular Coulomb functions F1 and GQ. respectively 





where Au = 2 FJI.). + 2 Gt). 
and p). = R o I). 
The factor 1 was obtained from graphs of 
2P 1 2p . b , as a function of incident proton energy g~ven y Gove 
(Go 58). These were calculated assuming an interact ion 
radius R = 1.4(A113 + 1) fmG (The assumption of a constant 
0 
interaction radius is not strictly true since in general R
0 
need not be the same for different channels and it may also 
vary with ~ and t). 
(see table 6,1) 
Finally, the reduced widths are given/in units of the 





where y! is given by: (Te 52) 2 Yw 
and ~ is the reduced mass. 
t = 
The reduced widths for elastic scattering are not very 
sensitive functions of the interaction radius. The reduced 
inelastic widths on the other hand are in general more . 
sensitive to R
0
• This comes about because of the fact that 
Pt becomes an increasingly sensitive function of en~rgy and 
radius· for low channel energies. 
The method used here for determining the reduced width 
assumes a square well potential. This allows the partial 
width for a given channel to be completely separated into 
external and internal effects. However there is increasing 
evidence .. indica"#ing that the nuclear surface is diffuse so 
. I . . 
that this complete separation is only approximately valid o 
Schiffer (Sc 63) calculated widths for resonant scattering 
·of protons by a Woods-Saxon potential and found them to be 
2 25% to 50% of Yw • This would mean reduced widths e2 ~ 2 p 
to 4.-t imes greater than those given in the present work. No 
explicit calculation of the widths using a diffuse well have 
been made for levels in the 33 Cl nucleus. 
t 
The R-Matrix formalism in fact gives 
c 









6.3 Accuracy of Assignments 
The preceding analysis led to the unambiguous assign-
ment of orbital angular momenta for 35 of the 40 resonances 
observed. It has also led to unambiguous spin assignments 
for 21 levels and tentative assignments for 16 levels. The 
tentative assignments are indicated by brackets in table 6.1. 
For the narrow levels the accuracy of the level energy 
assignments depend largely on the experimental accuracy of 
the incident beam energy measurement which is believed to be 
... 2 to 3 keV. For broad levels the errors in the level 
energies depend mainly on the an·alysis; the neglect of the 
level shift parameter for inelastic scattering and various 
other assumptions contribute to this error. Estimates of 
accuracy of level energies are given in table 6.1. 
Estimates of errors in the total widths are also given 
in table 6.1. Except for the narrow levels the errors are 
generally between 10% and 25%. 
The error in rp/r is difficult to estimate in this type 
of analysis particularly for the broader levels. However, 
considering the agreement of better than 20% in the values 
determined from the elastic and inelastic data (Section 5,3) 
the uncertainty in rp/r is indicated in general to be less 
than 20%. 
Finally the errors in reduced widths e2 are believed p 
to be less than 30%; this error being due mainly to errors 
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in the partial widths r and.r' o 
p p 
There is a much greater ... uncertainty however for the inelastic scattering reduced 
width & ~ in the region E = 2. 8 to 3. 5 MeV, due to the p p 







DISCUSSION AND CONCLUSIONS 
7.1 Comparison with other data 
A comparison of the results of this experiment with 
previously reported work is only possible in the case of 
levels between excitation energies 5 and 6 MeV, since the 
level structure of 3 3Cl at higher energies has not previously 
been 'studied o The levels in the Ex = 5 to 6 MeV region 
have been investigated by means of proton scattering by 
Olness et alo (01 58). The level parameters of these levels 
as well as those of the corresponding levels in the present 
work are presented in table 7.lo 
From this table it is seen that the spin and parity 
assignments are the same for all the levels. In the case 
of the level at Ep = 2.904 MeV a preference is indicated for 
a 5/2- assignment in the present work. The energies of the 
levels agree to within ~ 5 keV except in those cases where 
the widths are large. The widths of the narrow resonances 
are generally lower than those reported by Olness et al. 
This could be due to the fact that the energy resolution in 
the present experiment was better by a factor 4 than that of 
Olne~s '~t al o 
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TABLE 7.1 
Comparison of Results 
THIS EXPERIMENT OLNESS et al. (01 58) 
·E J1T r rp/r EA J1T r fp/r M~V keV MeV keV 
-···---~-
2.811 3/2 - 6 1 2.810 3/2 - 6 '\#1 
2.910 1/2 - 400 1 2.895 1/2 - 360±60 1 
2. 904 (5/2-) 
. - ·~ 
1 ~O.l1t 2.902 ( 5/2-,7 I 2) < 0. 5 
• '\#l 
. -~ ______... 
~.920 312 
+ 
0.25 1 2.917 312 
+ 1.5±.5 "l 
3.099 512 - 0.32 0.48 3.094 512. - 0.34±D.ffi o. 85 
3.2oo 5/2+ 0.20 0.75 3.195 5/2+ o. 4 4 ~a .oa 1 o. 9 a .. 
3.273 1/2+ 25 1 3.273 1/2+ 32±4 '\.11 
3.385 7/2- 1.5 0.25 3.374 7/2- 1. 0±0. 2 :o .-lfi 
3.500 3/2- 125 1 3. 480 3/2- 100±15 '"1 
3.575 1/2+ 20 1 3.570 1/2+ 40±5 "'1 




7,2 Level scheme and reduced widths 
~~·~~~~=~
The energy levels of 3 3Cl, studied in the present work 
are presented in fig. 7.1. In addition the reduced widths 
2 
ep for the corresponding levels, separated into.the respective 
spin states; are shot-me The length of the horizontal lines 
is proportional to e
2
• The dashed lines indicate levels p 
for which the spin assignments are tentative. A general 
feature of the results in fig. 7.1 is that in the 5-6 MeV 
excitation region negative parity states predominate whilst in 
the 6. 5 to 7. 5 MeV region, positive parity states are 
stronger. An interesting aspect of the results is the 
systematic tendency noted for states with relatively large 
reduced widths • For the negative parity states the strongest 
2 elastic scattering levels (i.e. with largest e ) , for the p . 
spin states 1/2-, 3/2- and 5/2- are found to be at 5.112, 
5.684 and 6.309 MeV respectively. They thus occur· at ihcreasinp; 
'I 
energief? with an approxima~e .. sp(lcing of ,600 keV. A 7/i-
level is also observed at 6.949 MeV, i.e. "'600 keV highe,r 
than the strong s/2- level. Approximately the same spacing 
{s observed in the case of positive parity states with spins 
+ + + 1/2, 3/2. and S/2 at 5.7.57, 6.331 and 6.884 l1eV respectively. 
A diagram similar to fig. 7.1 but showing the inelastic 
reduced widths is presented in fig. 7.2e In this case 1 
states with =-...=~ large=--=1 reduced t-lidths e} are those tvith spin 











Energy levels of 3 3Cl in the 5o0 to 7.5 MeV 
excitation region showing all data obtained 
in the present experiment • Reduced widths 
e2 for elastic scattering are shown classified p 




Figure 7. 2 
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~2 ~,~.• 2 
Reduced widths e2 for inelastic scattering 
p 
as a function of energy for levels of 33Cl 
classified according to spin and parity 
.. 
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The spacing.;between these levels are 279 and 277 keV 
respectively o A simila.r spacing is observed for ~- __ 
. + + positive parity levels with spins 3/2 and 5/2 at 5.122 
and 5.393 MeV respectively. 
The significance of .these level systematics is not 
clearly understood. A possible interpretation in terms 
·-- ... -
of the Nilsson model is discussed in section 7o4~ 
7. 3 Limitations of the proton scattering method 
Proton scattering experiments yield a considerable 
amount of spectroscopic information regarding the level 
structure of the compound nucleus • However, the potential 
of this method is restricted to some extent by the effect of 
the Coulomb barrier. This has the effect of reducing the 
widths. of levels which are excited by protons of high orbital 
angular momentum i. These levels are therefore difficult 
to observe particularly at low proton energies. The lower 
limit of observation of narrow levels is determined largely 
by the available energy resolution. It is useful to calculat~ 
the iower limit of the reduced widths a2 of levels that can be p 
observed for a given t and given beam energy and resolution. 
Based on a beam energy resolution of 1 keV at 3 MeV we assume 
that the width of a level must be greater than 100 eV in order 
to be observed in the present experiment. In fig. 7 .• 3 the 
.. 
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value of e 2 corresponding to this width is shown as a p 
function of energy for various 1-valueso 
2 
A level with ep 
and Ep such that it would lie to the right of the respective 
t-value curve is thus assumed to be observable with the 
energy resolution availableo 
From these curves it is seen that all levels with 
t= o, 1 or 2 and a2 > 0.001 should be observable in the p 
proton energy region 2c8 to 5.5 MeVe However weak levels 
with t = 3 or 4 will probahly not be observed at low proton 
energieso .Thus this experiment contains an intrinsic bias 
against weak levels of t =- 3 ~r higher o This bias can 
constitute a serious disadvantage in some studies, particularly 
those of a statistical nature which are sensitive to th~ total 
number and distributions of levelso However in other studies, 
such as the present one, the failure to observe weak levels 
is not ~erious since the levels of interest to theoretical 
interpretation are generally those with large reduced widthso 
7. 4 Interpretation of level structure of 3 3cl 
The low lying energy states of nuclei in the 2s-ld shell 
have been interpreted in terms of various nuclear modelse 
Extensive shell model calculations have for example been done 
for nuclei ranging from 2 9si to 4 0ca (Gl 64)o In these 






The reduced widths e~ for a given width 
r = 1 keV, plotted as a function of proton 





are in a central field provided by the inert 
central core of 28 Siv 
Another model which has frequently been applied to 
levels in the 2s-ld shell is the unified model of Nilssono 
A review by Bhatt (Ph 62) discusses the application of this 
model to_ a number of nucleL With 33 Cl in mind we restrict 
our interest to nuclei with ZorN= 17. Of these, 33 s 
has been discussed by Bishop ( Bi 60), 3 5Cl by Taras (Ta 66) 
and very recently 31 Si by Webb et al. (We 68). However, 
the model does not as yet appear to have been applied to 
the level structure of 33c1. It is thus of interest to do 
so since the model has been rather successful in accounting 
for the low energy spectra of the n~i.~hbou'I.·lng nucleL 
In the unified model, energy levels are interpreted a& 
members of rotational bands which are based on intrinsic 
single particle states associated with a deformed nuclear 
potential o The interaction Hamiltonian for a single particle 




is the ncn ~herical oscillator potential, Cl.S is 
"' "' the usual spin-orbit term, and D~.~ serves to depress the high 
"' "' angular momentum states~ C and D are coefficients •. 





E = Nn K.w0 (o)r 




(o) is the oscillator frequency of the deformed potential; 
nw (o) is the level spacing for the harmonic oscillator and is 
0 
given by 11w (.::l) ~ 41 A- 113 MeV; K = -~Clhw (o) 7.3 
. .... 0 .. 0 
and rNn is the eigenvalue of the assymetric part of the 
Nilsson Hamiltonian. 
Nn The eigenvalues r depend on the "square well parameter", 
2D 
lJ = c and the core deformation parameter n. 
. . . 
The latter 








and R and !1R are the mean nuclear radius aJ1d the difference 
between the serni~major and semi-minor axes of the spheroidal 
nucleus respectively. 
w <o> 
0 is assumed to be equal to unity • 
By suitable choice of the parameters lJ, K and n, the 
intrinsic eigenstates are thus determined for an odd nucleon 




In the unified model rotational energy can be coupled 
to each intrinsic state thus giving rotational bands based on 
each intrinsic state. The energy of the substates of each 
band based on these intrinsic states can be calculated from 
the following expression given by Bohr and Mottelson (Bo 53): 
= ~2 [J(J+l) - K(K+l) + a {(-)J+l/~J+l/2) 
2I 
7.5 
where J and K are the angular momenta of an excited level in 
a rotational band and that of its intrinsic state, respectively. 
6EJK is the energy difference between the excited level with 
spin J and the intrinsic state with spin K in a rotational band. 
oK,l/ 2 is a Kronecker delta symbol, 
I is the moment of inertia of the rotational banq, 
and 'a"is tlie "decoupling parameter". 
The value of "a" may be calculated from 
7.6 
where at and at are coefficients which depend on lJ and n. 
0 1 
The final energy levels are given by adding 6E to E, the 
energy of the intrinsic state.· The value of 6E ,,.can be 
negative in certain cases where "a" is large and negative. 
To determine the energy of rotational substates in 33 Cl 
... 
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it is therefore necessary to determine values for the 
n2 
parameters ~, K, nand 2I o This has been done by 
comparison with the values used for other N or Z = 17 nuclei 
in this region (see table 7. 2) and consideration of the low 
lying level structure of 33cl. 
The value of K used by Nilsson was 0.05o This value 
was chosen since it gives the correct ordering of levels for 
zero deformation over the whole range of nuclei. It was 
found (e.go Li 58, Bi 60) that in the 2s-ld shell higher 
values were needed to explain the level structureo In the 
present case we have chosen the values K = 0.07 for the 
1- - -· 
2~ ... 1~ shel~.-~ta!~~ and K = 0. 08 for -t;~e -~~?_/2,states. 
-
The 
1 values of u are chosen as 0.167 and 0.33 for 2s-ld and 1£712 
states respectively. 
To obtain a value of the deformation parameter n we 
consider the systematics of neighbouring nuclei and the low 
lying states in 33 Cl in more detail: If the ground state of 
33 Cl is considered as a single proton associated with a 2s112 
core, then this proton must be in Nilsson orbit 8 with 
K = 3/2 if the deformation is oblate (n negative) or in 
orbit 9 (K = 1/2) if the deformation is prolate (see figo 7 o4), 
In the latter case the ground state spin of 3/2+ can be 
explained as the second member of the band based on ·orbit 9 
(if the decoupling parameter is negative and AE 312 112 is 
' negative) o However quadrupole and dipole moments measured 
for neighbouring nuclei suggest that the deformation is oblateo 
- 129 -
TABLE 7. 2 Parameters used in Nilsson model calculations 
for Nor Z = 17 nuclei 
- - - - -- I tt2/ H 
-




1 7 1 6 0.085 0.33 -2 
370 Bi 60 
3 1 s. 
17 1 14 0.05-0.12 0.125-0.280 -2 320 We 68 
: ~Cl1 7 0.10 0.167 -2 104 (#8) 
-3 (#11) 244·(4t9) Ta 66 
352 (1tl0) 
-· ~· ' 
TABLE 7. 3 Parameters used in NilSR0n model calculation 
N K ll n h2f2I ORBIT K a 
(MeV) + 
5 s/2+ 
6 1 I 2 + 2.5 
7 3/2+ 
2 0.07 0.167 -2 0.3 8 3/2+ 
9 1/2+ Oo95 
11 112 -10 5 
10 7/2-
12 5/2 = 
3 0.08 0.33 -2 0.3 13 3/2 -
14 1/2 = -3.8 
... 
I 
The value of n used for most of the neighbouring nuclei 1s 
n = -2.0. This value is also used in the present case. 
A diagram showing the Nilsson orbits for the values J..l 
·and K in table 7.3 is given in fig. 7.4. 
Values of h 2/2I were chosen to give a reasonable 
correspondence to the low lying energy levels. 
are also given in table 7.3. 
These values 
The rotational bands predicted using these parameters 
are shown in fig. 7.5 together with the experimental levels 
Rotational bands based on orbits 8 and 9show 
good agreement with the ground state and first four excited 
states of 33cl predicting a spin of 3/2+ for the state ~t 
2.5oMeV. This spin is consistent with a. 3/2+ state at 2.313 
MeV in the mirror nucleus 33s (see fig. 7.5). In add it ion 
these bands predict 9/2+ states at 6.9 and 8.2 M~V. 
Experimentally observed states are found at 7.33 and 7.5 MeV. 
Considering the high excitation energy, this correspondence, 
if it is not fortuitous, is surprisingly good. 
The rotational band based on orbit 11 cannot be related 
to any experimental levels for the values of the parameters 
given in table 7.3. From fig. 7.4 it is seen that the 
intrinsic state energy varies rapidly as a function of n. 















Figure 7.4 Nilsson energy levels plotted as a function 
of deformation parameter n. The energy 
scale is for a mass 33 nucleus and the energy 
levels are calculated for values of the 
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Experimental level scheme for 3 3 Cl shown 
together with predictions of the Nilsson model 
based on parameters given in table 7.3 
... 
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at 5.1 MeV. It may then correspond to the experimental 
state at 5.46 MeV o On the other hand one of the unassigned 
states at 2.50 and 3.99 might have spin 1/2+ in which case 
that state would probably correspond to the predicted 1/2+ state. 
This is merely speculative but it should be noted that there 
is no a priori reason why n should be constant for each 
rotational band. In fact a variation in n might imply that 
neglected effects such as rotation-particle coupling (RcP.C.) 
are significant (Li 58). 
In the case of the rotational band based on orbit 14, a 
reasonable c-orrespondence with levels is- found. In particular 
the 3/2- level at the rather low excitation energy of 2c8 MeV 
is well explained as the second member of the band which is 
predicted at this low energy due to a large negative decoupling 
par9:meter. 
The rotational bands based on orbits 12 and 13 can 
again be roughly associated with observed levels. The 
intrinsic, states may correspond to the unassigned levels at 
2.98 and 3.99 MeV or other possible undetermined levels in 
this region. That there are other levels in this region is 
strongly indicated by a comparison with the mirror nucleus. 
3 3s which has a significantly higher level density in this 
region (see section 7.5). The higher members of these bands 
may be associated with negative parity states determined in 
the present experiment. 
The 7/2- intrinsic state energy of orbit 10 is given as 
... 
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2 o 27 MeV. Again this energy varies rapidly with n (see 
figo 7a4) so that for a small change inn the energy could 
change considerably. In 3 3s, a state at 2o94 MeV is assigned 
a spin-parity 7/2- (Be 66)o It would be interesting to 
s~arch for analogue state in 33 Cl since it seems extremely 
likely that this state is the 7/2- intrinsic state. 
The intrinsic states based on orbits 5, 6 and 7, as in 
the case of orbit 9, are attributed to the excitation of a 
core proton from these orbits to orbit Bo This proton pairs 
off to zero angular momentum in orbit 8 and the properties of 
the band are thus determined by the remaining proton in the 
respective orbitso These rotational bands predict a number 
of 3/2+ and 5/2+ levels in the region of the present experiment o 
Above 6 MeV, levels with spin parity 3/2+ and 5/2+ are found 
experimentally to be more numerous than levels of any other 
spin-parity. 
In general it is seen that the unified model gives a 
satisfactory description of the energy levels of 33 Cl insofar 
as it can explain the low-lying level structurea For a more 
meaningful comparison with the model it would be necessary to 
obtain more experimental data for these levels; eogo gamma-
ray branching ratios as well as spins and paritieso This 
would justify comparison with more sophisticated versions of 
the model including1for example1
effects such as rotation 
particle coupling (Ma 67). 
,• 




ioeo the order and spacing of the strong negative parity 
levels, remains unexplained by this modele If the deformed 
nucleus was prolate and K = 0.05, then the intrinsic states 
of the1f
712 
shell, would be in the order 1/2-, 3/2-, s/2-
and 7/2- with the energy and spacing approximately as 
observed (see figo 7.4). However,it would then be impossible 
to explain the low lying levels~ unless one assumes a negative 
deformation for 2s 112 ld 312 states and a positive deformation 
for lf
712 
states. However, this wou.ld leave the low lying 
negative parity levels unexplained. Again it would be 
interesting to try to locate a 7/2- level at a relatively low 
exc it at ion energy as this would be strong evidence for the 
oblate deformation farlf 712 levelso 
An additional argument against the prolate deformation 
is that the reduced width, a2 for the observed levels would p . 
be incorrectly predicted by the model. It would be expected 
on the basis of the model that the 7/2- level would have a 
large (e 2 ~ 0.5) reduced width and that the 1/2- would have p 
a relatively smaller reduced width (Li 58) • 
7oS Analogue States 
Energy levels of the mass 33 isobars 33p, 33s, 33 Cl and 
33A are shown in fig. 7.6. 
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312 :r~ T 3:Js lla 
Level schemes of 33p, 33s, 33Cl and 33A, 
The region X in 33 8 contains 50 levels 
determined by 32 S(d,p) 33 s, and region Y in 







to the low lying levels of the mirror nucleus 33 s. In the 
excitation region 3 to 5 MeV the number of levels in 3 3 s is 
twice that observed in 33 Clo The reason for this disc~epancy 
is not known but it seems likely that levels in 3 3cl exist 
that have not yet been observed. Levels in this region have 
been observed by means of 32 S(d,n)3 3Cl and33S(p,y)33cl 
react ions o The Q-value for the (d,n) reaction is -0 •. 07 MeV. 
The most recent experiment using this reaction (Mu 67) was 
carried out at deuteron energy Ed = 5 .o MeV. In· this 
experiment only those levels below 3.0 MeV excitation were 
investigated presumably because .. higher lying levels are not' 
amenable to a DoWoBoAe analysis and were thus not of interest. 
The proton experiments qn the other hand are subject to 
a strong bias against observation of weaker levels (see 
sect ion 7 e 3), due to the Coulomb barrier. Gamma-ray decays 
in the (p,y) reaction have been observed by means of a Gc(Li) 
detector by Prosser et al. (Pr 67). They find no evidence 
for a 7/2- level in this regione The proton energy range 
used in this experiment was Oe4 to 3.2 MeV~ corresoonding to 
the. excitation energies 2.67 to 5.39 MeV. 
that there are levels in the energy region 
It is possible 
E = 3 to 5 MeV 
X 
to which gamma decays from a level at 5. 3 9 MeV would be very 
weak, since the transition probability for high energy gammas 
(i.ee to lower levels) is much greater than that for low 
energy gammas. 





higher proton energies to search for missing levels in this 
region. It might also be worthwhile to determine spins and 
parities of levels in this region by means of a (p,yy) 
angular correlation experiment using the known spin and 
parity of a suitable level in the region of the present 
experiment • 
In the excitation region 5 to 7oS MeV 40 levels were 
observed in the present experiment while 50 \vere observed in 
33s, This difference can again probably be attributed to 
the fact that weak levels of higher spins are not observed 
due to the limited energy resolution of the present experiment 
and the Coulomb barrier. A detailed comparison of these 
levels is not possible since few levels in 33 s have been 
assigned spins and paritieso A strong 1/2- level at Sc7S 
and a 3/2- level at So894 MeV are reported to have relative 
reduced widths a2 = 60 and a2 = lS respectively (La 67)< n n 
These levels probably correspond to the 1/2- level at Sell 
and 3/2- level at 5<68 MeV observed in the present experiment,. 
The relative reduced proton widths for these levels are ~so 
and ~a respectively. The relative reduced neutron widths in 
the case of 33 s thus correspond approximately to the relative 
reduced proton width; in 33 c1. 
The first T = 3/2 state in 33 Cl (the analogue of the 
33A ground state) has been identified at S •. SS MeV by means of 
a B-delayed proton experiment (Po 66)o This experiment 
consists of the production of 33A by means of the reaction 
.. 
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35Cl(p,3n)33A (threshold 39 ± 5 MeV) (Ha 66) or the reaction 
The ground state of 33A decays by 
8-emission to an excited state of 33Cl which then decays by 
proton emission. The excitation of a T = 3/2 level in this 
way is allowed by the isospil'l . select ion rules in contrast to 
the excitation by means of proton scattering, which is forbid-
den by these selection rules~ (See section 1.3). Observation 
of this analogue state by means of a (p,p) experiment would 
provide not only a more accurate measurement of the excitation 
energy of this state, but would yield information regarding the 
isospin mixing involved. 
A careful search was carried out in the region 5. 55 ± 0. 020 
MeV using optimum energy resolution and a very thin (< 1 keV) 
targete No narrow 1/2+ level was observed in this region. 
From considerations of barrier penetrability (see section 7.3) 
an approximate upper limit can be set on the reduced width a2 p 
of the level if it exists in this regione If it is assumed 
that any ievel of width ~ 100 eV would be observed then the 
value of e~ must be less than 1 x 10-4 indicating very little 
isospin mixinge 
+ On the other hand, two strong 1/2 levels are observed 
at 5 a646 and 5. 7 57 MeV which are rather close to the analogue 
state energy. It is thus probable that these states contain 
some of the T = 3/2 strength. However they must be basically 
ofT = 1'/2~ character to have ;such large reduced widths. 




observed at 1'.37 MeV and 1.81 MeV. The 1.37 MeV state 
ld b d h ' . I + b ' lvou. e expecte to ave a sp~n-parl.ty 3 2 on the as~s 
of the shell model predictions of Glaudemans et alo (Gl 64)o 
+ A number of 3/2 levels are observed in this region but no 
conclusions can be drawn as to which of these,if any,contain 
aT= 3/2 component. 
7-6 Concluding ~marks 
This investigation has shown that the proton scattering 
method is an extremely useful means of obtaining spectroscopic 
information about the compound nucleus level structure of 33 Clc 
The simplicity of data collection and the relative ease with 
which lev,el parameters may be extracted makes this experiment 
particularly attractive. This is illustrated by the fact that 
of the forty levels observed~ energies and partial widths 
were ·determined for 38,spins and parities were assigned for. 
21 of the levels and parities and tentative spins were assign-
ed for a further 16 levels. 
A number of improvements in the experiment would allow a 
more thorough investigation to be carried out. The obvious 
improvement which is suggested is that of energy resolut\iono 
This would clearly allow the observation of narrow levels 
such as the analogue of the ground state of 33A. Better 
computer facilities,if available,would permit a more 





formalism could be applied and a least squares fitting of 
the calculated curves to the data would also be feasible. 
The results of this experiment show systematic tendencies 
for some states with large reduced widthso The ~easons for 
these effects are not immediately apparent and a theoretical 
interpretation of these states would be interestingo The 
Nilsson model does not provide an explanation for these states 
but it is found to gi·.te a useful interpretation of the low-. 
lying levels Of 33Clo Arising from the attempt to apply 
the Nilsson model to 3 3Cl it would be interesting to investigate 
the intermediate level structure of this nucleus by means of 
! 
a (p,y) experimento The data obtained from the present work 
would be very useful as a basis for such a study, for example 
in determining the spins of intermediate levels by means of 

















(Notation defined in eq. 4.20) 
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